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ABSTRACT 

Theoretical and experimental s tudies were performed on the 
subject of producing low temperature H2/02 ignit ions by the 
use of ca ta ly t i c  and/or pyrophoric powdered metals. 

In te res t  centered on the use of Raney nickel powder, which 
is both ca ta ly t i c  f o r  H2/02 ignition, and pyrophoric with 
oxygen. Tests w i t h  t h i s  material produced a large number 
of ignit ions with cold gaseous hydrogen and l iqu id  oxygen. 
Ignit ion times of the order of 10 milliseconds were observed 
under favorable conditions, and this does not appear 
l i m i t .  
stream, by passing the l a t t e r  through a f lu id ize r  assembly 
j u s t  upstream of the injector.  

t o  be a 
The Raney nickel powder was entrained i n  the hydrogen 

It was demonstrated t ha t  Raney nickel powder, stored under an 
atmosphere of hydrogen, should have indefinite shelf l i f e  i n  
the act ivated s t a t e ,  being able t o  produce ignit ions a t  any 
time upon contact with oxygen. 

It is considered tha t  the most promising application would 
take the form of the Raney nickel powder stored under these 
conditions Fn a side tank near the rocket engine. A bleed 
stream from the main hydrogen flow would entra in  some of the 
nickel powder as it passed through th i s  f lu idizer .  This 
hydrogen stream would then be hypergolic with e i the r  l iquid  
o r  gaseous oxygen. 
son w i t h  noble metal catalysts)  lends support t o  t h i s  
application. 

The l o ~ j  cost of Raney nickel  ( in  compari- 

The data of this report  appear t o  j u s t i f y  continued tes t ing 
on a larger  scale,  comparable t o  actual  rocket engine opera- 
t i ng  conditions. 
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T k  

~ / 4aryuardf CORWRATJON VAN NUYS, CAl l fORNlA Report 25 179 

TAT3LF: OF CONTENTS 

Sect ion 

ABSTRACT 

TABU7 OF CONTENTS 

PREFACE 

ANALYTICAL STUDlES 

A .  

B .  Basic Approach 

General Consideration of: Igni t ion  Mechanisms 

I. 

Ir. 

6. Mechanism of Raney Nickel €$/02 Ignitions 

D. Li terature Survey 

PLANNING OF EXPERIMENTAL PROGRAM 

A .  General Appraoch 

B. Description of Igni t ion Test Apparatus 

1. Preliminary Apparatus Using Fixed Bed Catalysts 

2. C o q i a l  Injector  Ut i l iz ing  Fixed Bed Catalysts 

3. Coaxial Injector  Ut i l iz ing  Entrained Raney 
Nickel Powder 

4. Igni t ion Sensing 

C Ignition Mechanism and Storage Characteristics of  
Raney Nickel 

Page 

iii 

iv 

v i i i  

1 

1 

3 

3 

6 

7 

7 

7 

8 

10 

11 

14 

15 

15 D.  Gas Adsorption Studies 



Section 

111 * EXPERIMENTAL STUDY 

A. Experimental Ignition:. Data 

1. 

2. 

Preliminary Ignitions Using Fixed Bed Catalystg 

Coaxial Inject ion Ut i l iz ing  Fixed Bed Catalysts 

3 .  Coaxial Inject ion Ut i l iz ing  Entrained Raney 
Nickel Powder 

B .  Igni t ion Mekhanism and Storage Characteristics of 
Raney Nickel 

Iv. 

C .  Gas Adsorption Studies 

EVALUATION OF EXPERIMENTAL DATA 

A .  General Summary 

B. Itemized Discussion of R&uiL'ks 

c . Kebommendatibns 

Page - 
16 

16 

16 

18 

20 

V 



LIST O F  ILLUSTRATIONS 

Figure 

1 
2 

3 
4 
5 
6 
7 
8 

9 
10 
11 

12 

13 
14 

1.5 

16 
1.7 

18 

Preliminary H2/02 Igni t ion Assembly, Mark I 

Ignition Device, Mark 11 

Ignit ion Device, Mark 111 

Ignition Device, Mark I11 

Ignit ion Device, Mark IV (Schematic) 

Ignition Device, Mark IV (Assembled) 

Coaxial Igni t ion Device, Mark V 

Coaxial Igni t ion Device, Mark V 

Coaxial Injector  Nozzle and Sensors, Mark V 

H2/02 Catalytic Igni t ion Device, Mark V I  

Coaxial Igni t ion Device, Mark V I 1  

Schematic of Mark V I 1 1  Igni'cion Assembly 

Detail of Mark V I 1 1  Igni ter  

Oscilloscope Igni t ion Traces - Preliminary Tests with 

Oscilloscope Igni t ion Traces - Preliminary Tests with 

G a s  Flow Calibration Runs, Mark I11 

Oscilloscope Igni t ion Traces Fixed Bed Catalysts; 

Oscilloscope Igni t ion Traces, Raney Nickel Powder 

Fixed Bed Raney Nickel Catalyst 

Fixed Bed Raney Nickel Catalyst 

Coaxial Inject ion 

Entrained i n  H2 Stream 

19 Oscilloscope Igni t ion Traces, Raney Nickel Powder 
Entrained i n  H2 Stream 

Page - 
39 
%7 
4s 
9Q 
49 
4P, 
47 
46 
4li! 
48 
49 
5Q 
53 

58 

53 
5'1. 

55 

54 

53 
20 Oscilloscope Igni t ion Traces, Raney Nickel Powder 

21 Oscilloscope Igni t ion Traces, Raney Nickel Powder 
Entrained i n  H2 Stream, Liquid Oxygen Inject ion 58 

Entrained i n  H2 Stream, Liquid Oxygen Inject ion 59 
22 Oscilloscope Igni t ion Traces, Mark V I I I ,  Raney 

23 Oscilloscope Igni t ion Traces, Mark V I I I ,  Raney 

Nickel Powder Entrained i n  H2 Stream 

Nickel Powder Entrained i n  H2 Stream 

60 

61 

v i  



Report 25,179 

LIST OF ILLUSTRATIONS 
( Continue d ) 

Figure 

24 

25 
Hydrogen Adsorption Isotherms on Raney Nickel 

Hydrogen Adsorption Isotherms on Platinum Black 

Table 

1 

P 

I1 

I11 

Iv 
V 

LIST OF TABLES 

Preliminary Ignit ion Tests with Raney Nickel 
Fixed Bed Catalyst 

Coaxial Injection Ignit ion Tests Using Fixed Bed 

Ignit ion Tests Using Dry Raney Nickel Powder Entrained 

Catalysts 6e 

In H2 S t r e m  6-8' 
Ignit ion Tests With Liquid Oxygen 

Igni t ion Tests Vith Mark V I 1 1  Ign i te r  

v i i  



' H ~ r ~ u ~ ~ d ~  LYIRPURTION VAN N W S .  CAl I fORNIA Report 25,179 

PRBFACE 

i 
For planning purposes, the subject research program w a s  divided 

in to  four phases, as follows: 

Phase I Analytical Studies 

Phase I1 Planning of Experimental Program 

Phase I11 Experimental Study 

Phase IV Evaluation of Experimental Data 

The r e su l t s  of the program are discussed i n  the t ex t  i n  the above 
order. 

v i i i  



I. AEJALY'PICAL STUDIES 

A. General Consideration of Ignit ion Mechanisms 

Theoretical and experimental s tudies since 1928 have established 
that the reaction between gaseous hydrogen and gaseous oxygen i s  a branched- 
chain reaction. Beginning with Gibson and Hinshelwood (Reference 1) i n  1928 
and the experimental work of Kovalskii (Reference 2), numerous experimental 
studies have established that the general nature of the reaction can be in te r-  
preted i n  terms of Reactions (1-14) l i s t e d  below (References 3-5). 

H 2  + M +  2 H + M 

02 + M +  2 0 + M 

H e  + 02+ 2 OH 

H2 + 0 2 4  H + H 0 2  

0 + Ij + M-OH + M 

H + 0 2 4 0 H  + 0 

0 + H 2 + 0 H  + H 

OH + H 2 +  H 2 0  + H 

In i t i a t i on  

In i t i a t i on  

In i t i a t i on  

In i t i a t i on  

Addit  ion 

Chain-branching 

Chain-branching 

Propagat ion 

2 OH-HpO + 0 Propagation 

H + OH + M - + H 2 0  + M Termination 

OH + w a l l -  5 O2 1 

Term ina t  i on 

H + w a l l - - ,  H2 + w a l l  Termination 

0 + w a l l +  5 02 + w a l l  Termination 

1 
2 + - H 2  + w a l l  

3- 

H + 02 + M-"$H02 + M 

I 
H02 + w a l l -  2 H2 

+ O2 + w a l l  Term ina t  ion 

-1- 
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Reaction (4)  represents an i n i t i a t i o n  step i n  hydrogen-oxygen combustion, i n  
which a hydrogen atom i s  generated by a pa i r  of molecules reacting with suf f i-  
c ient  act ivation energy. Reactions (6) and (7) represent very important steps 
i n  the fur ther  reactions occurring between hydrogen and oxygen molecvles and 
atoms, and hydroxyl f ree  radicals .  In these steps, chains are branched. That 
is, they produce two reactive atoms or f ree  radicals ,  (0 ,  H, OH) by the reac- 
t i on  of one atom or f ree  radical  (0 ,  H, OH) with a molecule (H2, 02) e Thus, 
when a hydrogen atom i s  produced, as by Reaction ( k ) ,  a se r ies  of chain- 
branching and propagation reactions (6-9) are then in i t i a ted ,  which quickly 
culminate i n  an extremely rapid oxidation. The chain-branching steps may be 
rapidly terminated by the hydroxyl rad ica l  (OH), or the hydrogen atom or the 
oxygen atom, s t r ik ing the w a l l  of the vessel  and losing i t s  chemical energy, 
as  i n  Reactions (11-a) e The termination reactions of the type of (11-13) 
may also occur by these same atoms or radicals  s t r ik ing  hydrogen or oxygen 
molecules, which are not i n  the activated energy s t a t e  required t o  react  and 
branch, thus losing t h e i r  energy as by Reaction (14) or the reverse of 
Reactions (1-3) 

This sequence of reactions w i l l  not spontaneously i n i t i a t e  the 

An al ternat ive  approach i s  t o  essen t ia l ly  bypass Reac- 
chain process a t  low temperature. One poss ib i l i ty  would be t o  excite Reac- 
t i on  (4) by heating, 
t i on  (4)  by otherwise providing atoms or f ree  radicals  t o  promote Reactions 
(6-7) Based upon well-known concepts of bond energy, it i s  eas ier  t o  pre- 
pare hydrogen atoms than oxygen atoms. With t h i s  view the appropriate way 
t o  induce the chain process outlined by Reactions (6-95 i s  by means of 
chemical process which can readi ly  generate hydrogen atoms 

It i s  well established chemically that hydrogen molecules can 
be readi ly  dissociated on selected cata lys ts  in to  hydrogen atoms, as by the 
following reaction. , 

H2+ 2 H (chemisorbed on cata lys t )  (15) 

This process has been well established as  occurring on the noble metal cata- 
l y s t s ,  such as platinum,palladium, and the l ike ,  and on cer ta in  other tran-  
s i t i on  metals, such as nickel.  These types of metal ca ta lys ts  must, there- 
fore, be considered as potent ia l  igni t ion cata lys ts .  

The use of pyrophoric metal powders t o  obtain igni t ions  gene- 
r a l l y  represents a case i n  which a reaction similar t o  (4) above i s  caused 
t o  occur, as a r e su l t  of the high temperature which the pyrophoric metal 
powders a t t a in .  
associated with the reaction of the pyrophoric metal pa r t i c les  w i t h  oxygen. 

This high temperature is  a r e su l t  of the heat release 

-2- 



B.  Basic Approach 

It w a s  considered desirable tha t  t h i s  research program empha- 
s ize  the study of powdered metal igni t ion agents which would be applied i n  
the form of an entrained powder i n  one of the propellant streams, since a 
considerable amount of work has already been performed u t i l i z i ng  fixed cata- 
l y s t  beds, It was also of i n t e r e s t  t o  evaluate the use of materials con- 
siderably l e s s  expensive than the noble metal ca ta lys t s  normally employed 
i n  ignit ion studies of t h i s  type. 

These considerations, and others, led  t o  the selection of 
act ive nickel  powders of the "Raney nickel" type Tor evaluation. 
reasons fo r  considering t h i s  material  are discussed bklow. It should be 
noted, however, that ,  f o r  completeness of study, work w a s  also performed 
on fixed bed catalysts ,  both nohle metal and nickel.  

The 

C .  Mechanism of Raney Nickey F$/Oy YgnitLons 

The following discussion i s  concerned w i t h  u t i l i z i ng  a pre- 
formed layer of chemisorbed hydrogen on a powdered metal substrate t o  i n i -  
t i a t e  combustion. This method qobbines t o  some extent the character is t ics  
of both ca ta ly t i c  and pyrophoric powdered metal ignit ion.  

Catalytic igni t ion i n  the H2/02 system i s  normaly considered 
t o  operate through a mechanism Qf hydrogen chemisorption. 
molecule i s  adsorbed so strongly t o  the surface of the cata lys t  t ha t  the 
H-H bond i s  p a r t i a l l y  or wholly ruptured, being replaced by H-M bonds, where 
M denotes the cata lys t .  

That is, the He 

In schematic equation form, 

I I  I I '  (chemisorption) 
t I  

- M - M -  

-3- 



H a r y u a r d j  LVRHIRA TION VAN NUIS, CALifORNIA Report 25,179 

The process of chemisorption i s  the sum of Reactions (16) and 
(17). Reaction (18), the generation of f ree  H radicals ,  i s  shi f ted  f a r  t o  
the l e f t ;  i .e . ,  the concentration of f ree  H atoms i s  very s m a l l .  However, 
only small amounts of H atoms are necessary t o  i n i t i a t e  reaction. 

Reaction (16), physical adsorption, normally occurs rapidly, 
even at low temperatures. Chemisorption, however, i s  usually associated 
with an energy of act ivation.  
possessing t h i s  energy can undergo chemisorption. A s  i s  well known, the 
f ract ion of molecules possessing a given energy decreases exponentially with 
the absolute temperature. A t  the cryogenic temperatures concerned i n  th i s  
stupy, t h i s  f ract ion may become so small t ha t  the kinet ics  of chemisorption 
may be too slow t o  i n i t i a t e  combustion i n  the desired time in terval .  

Thus, only tha t  f ract ion of H;! molecules 

This slow kinet ic  step could be eliminated i f  one could provide 
a pre-formed layer of chemisorbed hydrogen on the cata lys t  surface. A chemi- 
sorbed layer of hydrogen can be deposited readi ly  enough on a number of metal 
surfaces at  ambient, or s l i gh t l y  higher, temperature. A question ar ises ,  
however, concerning the f e a s i b i l i t y  of protecting t h i s  layer ,  Depending on 
the nature of the hydrogen chemisor&.on process, t h i s  might involve s tor ing 
the cata lys t  under an atmosphere of hydrogen u n t i l  it enters  the igni t ion 
chamber 

If a metall ic  ca ta lys t  were suf f ic ien t ly  f ine ly  divided, it 
might behave as a pyrophoric metal powder; i . e . ,  the powdered metal would 
i t s e l f  be oxidized, i n i t i a t ed  by the heat release of the ca ta ly t ic  reaction, 
and would no longer, s t r i c t l y  speaking, be only a cata lys t .  It should be 
noted t ha t  the pyrophoricity i n  t h i s  case would be due t o  the adsorbed 
hydrogen layer 

Early i n  th i s  project,  it appeared t ha t  Raney nickel,  and 
The term "Raney nickel" 

The resul t ing f ine ly  

It w a s  considered l i k e l y  t ha t  the pyrophoric 

s i m i l a r  materials,  sh t i s fy  these requirements ., 
re fe r s  t o  a form of nickel obtained by leaching the aluminum from a nickel-  
aluminum a l loy  by reaction w i t h  sodium hydroxide. 
divided nickel powder contains large amounts of bound hydrogen, presumably 
i n  the chemisorbed s t a t e .  
propert ies of Raney nickel  are due t o  the presence of thLs chemisorbed layer 
of hydrogen, -the evolution of the l a t t e r  being primarily responsible fo r  the 
gradual l o s s  i n  a c t i v i t y  observed when Raney nickel  i s  stored under an i ne r t  
atmosphere. 

Raney nickel has long been known t o  be a very active cata lys t  
for  many applications. It has been u t i l i z ed  almost exclusively, however, i n  
the f i e l d  of organic chemistry, f o r  a var ie ty  of purposes, such as hydro- 
genation of esters ,  desulfuration of thiazoles, e tc .  It i s  l i k e l y  t ha t  t h i s  
close association w i t h  specialized organic reactions has tended t o  obscure 

-4- 



the f ac t  tha t  Raney nickel (and modifications thereof) -. i s  a very promising 
catalyst  fo r  inorganic reactions i n  which B source of act ive hydrogen i s  
required. In par t icular ,  it appears t ha t  past  applications of t h i s  material  
have not been concerned with i t s  propert ies as a source of hydrogen atoms at  
cryogenic temperatures. In the form i n  which it i s  usually described i n  the 
l i t e r a tu r e ,  Raney nickel i s  stored under an iner t  carr ier ,  such as ethanol, 
u n t i l  use. In addition t o  being an ipconvenient arrangement fo r  the present 
application, Raney nickel  stored i n  t h i s  manner has a limited active l i f e ,  
generally a few weeks at  most. 
techniques for handling and storing dried Raney nickel  powders. 

It w a s  therefore necessary t o  develop new 

It w a s  a l so  necessary t o  ver i fy  the above postulated mechanism 
of the H2/02 igni t ions  obtained from Raney nickel powders. 

These goals were achieved by a var ie ty  of t e s t s ,  reported i n  
more d e t a i l  below. The r e su l t s  are summarized here b r ie f ly .  

It has been c lea r ly  demonstrated that it i s  a pre-chemisorbed 
layer of hydrogen on the Raney nickel powders which 5s  responsible fo r  i t s  
ca ta ly t ic  ac t i v i t y .  It has been demonstrated t ha t  the basic mechanism of 
H2/02 igni t ion obtained from Raney nickel i s  ca ta ly t i c  i n  nature. 
pyrophoricity of the Raney nickel  represents a secondary process; namely, 
the oxidation of the nickel powders due t o  the heat generated by the reaction 
of oxygen with t h i s  chemisorbed hydrogen. Upon removal of the chemisorbed 
hydrogen layer (by vacuum desorption), the material i s  no longer ca ta ly t i-  
ca l l y  act ive fo r  the cryogenic temperature ignit ion of hyarogen and oxygen, 
and i s  no longer pyrophoric. 
the associated pyrophoricity) can be restored by redeposition of a layer 
of chemisorbed hydrogen. 

The 

The low temperature ca ta ly t i c  a c t i v i t y  (and 

It has a lso  been shown tha t  the reaoted, oxidized nickel pow- 
ders can be reactivated,  This i s  accomplished by hydrogen reduction of the 
nickel oxide, followed by degassing and subsequent hydrogen chemisorption. 
The resul t ing material  i s  pyrophoric. 

Based upon t h i s  theoret ica l  and experimental model, act ive 
Rwey nickel  powders should have indef ini te  shelf l i f e  when stored under an 
atmosphere of hydrogen. Experimental observations made during t h i s  project  
are i n  agreement with t h i s  hypothesis. 

Samples of dry Raney nickel  pOwder stored under these condi- 
t ions  fo r  nearly f ive  months have produced cryogenic temperature igni t ions  
at the end of t h i s  period. 

-5- 
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D. Literature Survey 

A l i t e r a t u r e  survey was conducted ea r ly  i n  the program. The 
i n i t i a l  emphasis of t h i s  survey w a s  placed on reviewing the preparation of 
ca ta ly t i c  agents which are specif ic for  the chemisorption of hydrogen. 
resul t ing p a r t i a l  dissociat ion of hydrogen molecules i n to  atoms should 
i n i t i a t e  the &/02 combustion reaction, as discussed above, 
known tha t  ca ta lys ts  prepared i n  the laboratory are  more active fo r  t h i s  
purpose than many commercially available materials.  Much information i s  
available i n  the chemical l i t e r a t u r e  describing very active hydrogen cata- 
lys t s ,  prepared fo r  a wide var ie ty  of uses. 
studied fo r  preparative techniques which appeared feas ible  for  t h i s  appli- 
cation. 
t a i n  pert inent  information on cata lyt ic  a c t i v i t y  of the desired type. Based 
on t h i s  survey, platinum, palladium, and nickel  ca ta lys t s  have been prepared 
and evaluated i n  cryogenic igni t ion t e s t s  under the subject program. 
cata lys ts  have been i n  the form of both agglomerates and f ine ly  divided 
powders e 

The 

It i s  well 

Accordingly, the l i t e r a t u r e  was 

References 6-21 consti tute a p a r t i a l  l i s t  of publicatians which con- 

These 

A l i t e r a t u r e  survey concerning pyrophoric metal powders w a s  
also performed. 
methods of preparing cer ta in  m e t a l  powders i n  very f ine ly  divided s t a t e s .  
References 22-34 comprise a p a r t i a l  l i s t  of publications which describe 
both experimental techniques and theoret ica l  considerations of i n t e r e s t  t o  
the proposed application of pyrophoric metal powders. 

This survey was directed primarily towards experimental 

-6- 
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11 0 PLANNING OF EXPERIMENTAL PROGRAM 

A .  General Approach 

The basic experimental approach followed throughout t h i s  con- 
t r a c t  has been directed toward the object of reducing Che time required 
between inception of an idea and i t s  experimental ver i f ica t ion.  
experimental tes t ing,  u t i l i z i ng  small-scale laboratory apparatus, w a s  i n i -  
t i a t ed  very ea r ly  i n  the program. The f i r s t  t e s t s  were of a preliminary, 
proof-of-principle nature, with simplici ty and straightforward experimental 
techniques being paramount a A s  the program progressed and more information 
became available, the experimental arrangements became more complex, i n  
order t o  make more accurate measurements under more severe operating condi- 
t ions .  The scale of t e s t ing  w a s  kept at the  laboratory level .  This w a s  done 
primarily for the following reasons. 

Accordingly, 

1. Wide ranges of variables were required t o  be experimentally 
evaluated i n  t h i s  program. These included the type of ca ta lys t  t o  be used; 
method of i ts  preparation and u t i l i za t ion ;  e f fec t  of mixture ra t io ,  tempera- 
ture,  and pressure; e t c .  It w a s  believed tha t  a greater  body of meaningful 
experimental observations could be gathered by r e s t r i c t i ng  the physical scope 
of the t e s t  arrangements. 
cation, and pre-run checkout of larger,  more inf lexible  apparatus. 

This reduced the time required for  design, fabri-  

2. Early i n  the program, it w a s  planned t o  include a cer ta in  
amount of t e s t i ng  u t i l i z i ng  a larger  scale set-up at The Marquardt Corpora- 
t i o n ' s  Magic Mountain Remote Test Fac i l i ty .  These t e s t s  were intended to 
serve as hardware-size'' duplication of the main laboratory study. Certain 
factors  caused t h i s  approach to be discontinued, however: 
was the continued delay i n  delivery of necessary hardware for  the l iquid  
hydrogen system. 
a f t e r  the th i rd  successive delivery due date expired, with no prospect of 
rapid delivery. 

11 

The main factor 

The purchase order fo r  t h i s  c r i t i c a l  hardware was cancelled 

B. Description of Ignit ion T e s t  Apparatus 

This sub-section describes the experimental apparatus used 
during t h i s  program. 
are given i n  following sections. 

The presentation and discussion of the data obtained 

-7- 
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1. Preliminary Apparatus Using Fixed Bed Catalysts 

The f i r s t  t e s t s  were performed i n  the Mark I igni ter ,  shown 
schematically i n  Figure 1. The catalyst ,  contained on e i ther  glass wool or a 
200-mesh nickel  screen, was mounted i n  a s m a l l  g lass  tube, positioned behind 
a safety-glass shield.  The hydrogen and oxygen control valves (located at 
the-@lometer i n l e t s )  were adjusted t o  provide the desired flow r a t e s  upon 
activation of the solenoid salves.  
i n to  a Dewar f lask,  i n  which l iquid  nitrogen or another cooling medium w a s  
placed. 
voir  for l iquid  nitrogen, t o  obtain more effect ive  ch i l l ing  of the i n l e t  
gases and the igni t ion tube 
i n  the oxygen and hydrogen l i ne s  j u s t  upstream of the igni t ion tube i n l e t .  

Each gas was Qassed through a copper c o i l  

The insulat ion around the-top of the igni t ion tube provided a reser-  

Copper/constantan thermocouples were ins ta l l ed  

Glass wool w a s  used t o  mix the gas streams before contact 
with the cata lys t .  The flow r a t e s  of oxygen and hydrogen were se t  at  low 
values so t ha t  the igni t ions  were not violent .  
before and a f t e r  each igni t ion t e s t .  

A purge of nitrogen w a s  used 

I n i t i a l  t e s t s  with t h i s  apparatus used visual  detection of 
ignit ion.  
was a lso  used fo r  t h i s  purpose. 
f ied,  w a s  displayed on a Hewlett-Packard Model l 3 O A  oscilloscope, Using 
small amounts of a platinum-powder cata lys t  prepared by a method similar t o  
t ha t  of Reference 10, igni t ion was demonstrated with both hydrogen and 
oxygen gases cooled t o  cryogenic temperatures. The igni t ion tube, with 
catalyst ,  w a s  also chi l led  substantial ly by the l iquid  nitrogen i n  these 
tests. Re-ignition w a s  repeatedly obtained under these conditions. 

Later, a platinum/platinum-rhodium thermocouple (0.005 in .  d ia . )  
The output of the l a t t e r ,  sui tably  ampli- 

rCkie next expkrimental set-up, the Mark I1 igni ter ,  per- 
mitted inser t ion of the en t i re  assembly, including cata lys t  and gas i n l e t  
l ines ,  i n to  a l iquid  nitrogen Dewar. This permitted more uniform control 
fo r  low-temperature t e s t s .  
fast-response thermocouple i n  the posit ion shown, the oscilloscope t race  
indicated the i n i t i a l  temperature r i s e  of the cata lys t  bed caused by the 
water formation reaction. Using t h i s  more rugged apparatus, higher gas 
flow r a t e s  (with more vigorous ignit ions) could be tes ted.  

This apparatus i s  shown i n  Figure 2. With the 

With t h i s  apparatus and the same type of p l a t i n m  cata lys t  
mentioned above, it w a s  demonstrated t ha t  igni t ions  could be obtained when 
the catalyst ,  the hardware, and both gases were at  approximately 90°K (162"a), 
the boil ing point of l iquid  oxygen. 
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The next apparatus, the Mark I11 igni ter ,  provided more 
posit ive control and measurement of the temperature of the  gases and of the 
cata lys t .  
l ag  involved from activation of the solenoid valves t o  t h e  establishment of 
steady flow of both gases past  the cata lys t  zone. This was accomplished by 
u t i l i z i ng  small diameter conduits fo r  a l l  gases, up t o  the sudden enlarge- 
ment at  the cata lys t  zone. 

The main body of t h i s  device w a s  brass.  The lower body 
portion w a s  a tube with three s l o t s  cut through the w a l l .  The th in  body 
w a l l  and the s l o t s  reduced the thermal path, allowing a measure of tempera- 
ture  control of the gases and cata lys t  by varying the immersion depth of the 
apparatus i n  l iquid  nitrogen. 

This device i s  shown i n  Figure 3 and 4. It a lso  reduced the time 

The oxygen and hydrogen entered the un i t  from opposite sides 
in to  a centra l  port,  and then flowed in to  the cata lys t  zone. 
stantan thermocouple placed in  the centra l  port measured the gas temperature.. 
The nitrogen entered through a side port,  purging the reaction zone. 

A copper/con- 

Both por ts  opened in to  a sudden enlargement, which con- 
tained the cata lys t  and two thermocouples, a l l  of which were held i n  place 
between two sections of 200-mesh nickel screen. One thermocouple w a s  copper/ 
constantan, t o  measure the cata lys t  temperature. The second w a s  a fast res-  
ponse Pt/P't-lO$ Rh thermocouple (0.005 i n .  d ia . )  t o  measure the response time 
of the reaction e 

The posit ion of the cata lys t  w a s  maintained by a support 
r ing which w a s  placed over the top section of nickel  screen. The copper 
exhaust tube was positioned by slipping onto the brass base un i t .  

The outputs of the two copper/constantan thermocouples 
were measure by two Leeds and Northrop mi l l ivo l t  potentiometers. 
small diameter gas conduits used, the temperatures of the hydrogen and oxygen 
gas streams were quite sensit ive t o  the temperature of the surrounding metal. 
The output of the Pt/Pt-10$ Rh thermocouple w a s  amplified by a Kinte l  Model 
l l lBF voltage amplifier, and portrayed on a Tektronix Type 564 storage 
oscilloscope. 
oscilloscope camera. 

Due t o  the 

Photographs of the l a t t e r  were made with a Tektronix C- 1 2  

When operating at low temperatures, gas temperatures were 
measured by flowing only one propellant at  a time. 
avoid heating of the cata lys t  bed, since there was some reaction at the cata- 
l y s t  with the Mark I11 ign i te r  even with the nitrogen purge flowing. 
low temperature runs, the reading of the top copper/constantan thermcouple 
(placed near the cata lys t )  w a s  normally about lO-l5OF higher than t ha t  of the 
gas temperature thermocouple. 

This w a s  necessary t o  

During 
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This apparatus w a s  used i n  a large numbercof cryogenic 
igni t ions  u t i l i z i ng  platinum and Raney nickel  fixed-bed cata lys ts .  

The Mark IV Igniter ,  shown i n  Figures 5 and 6, was a 
revision of the Mark I11 apparatus, with provisions fo r  operating under f u l l  
or p a r t i a l  vacuum conditions. A secondary cata lys t  bed, maintained at ambient 
temperature, w a s  provided t o  prevent explosive mixtures of hydrogen and oxygen 
from entering the vacuum pump. 

2. coaxial Injector Vti l izir ig PixeT Bk'd' Catalysts 

In order t o  more closely simulate the actual  5-2 and RL-10 
motor conditions, a new ignit ion device was designed and fabricated; it i s  
shown i n  schematic form i n  Figure 7 .  The motor simulation was based upon a 
request by NASA personnel. 
nozzle. In order t o  reduce flow t ransients  associated with i n i t i a t i o n  and 
termination of flow, 3-way solenoid valves with balancing flow resistance 
l egs  were incorporated i n  the  laboratory flow system. 
pellant  flow w a s  maintained continually and w a s  diverted rapidly t o  the igni-  
t i on  device. The switching time of the solenoid valves w a s  l e s s  than 20 
milliseconds, as determined by flow response at the pressure transducer. 
A l s o ,  a high-response thermocouple w a s  inserted i n  the coaxial in jector  
nozzle t o  determine the propellant temperature pr ior  t o  ignit ion.  
graph of the coaxial igni t ion device may be seen i n  Figure 8. In the nozzle 
employed i n  the laboratory device, the oxygen flowed through a 1/16-ine tube 
w5th an inner diameter of 0.040 i n .  This tube w a s  positioned concentrically 
i n  a 1/8-in. tube with i n t e r i o r  diameter of 0.101 in .  
tube w a s  formed in to  a converging nozzle of 0.082-in. inside diameter. This 
insured contact of the  hydrogen, flowing i n  the annulus, with the oxygen. 
Figure 9 i s  a top view showing the coaxial nozzle and the various sensors, 
located rad ia l ly  abyut the reaction zone at 90" separation. Included are 
the quartz c rys ta l  transducer, the fast-response Pt/Pt-Rh thermocouple, and 
a copper/constantan thermocouple. 
thermocouple used t o  measure the i n l e t  gas temperature, and the  i n l e t  n i t ro-  
gen purge l i ne  
l ized from Figure 7. 

This device incorporated a coaxial in jector  

In t h i s  manner, pro- 

A photo- 

The t i p  of the exterior  

A l s o  seen are the O.O05-in0-diameter 

'Ifne re la t ive  placement of ther sensors may be' be t t e r  visua- 

Due t o  the laxger physical dimensions of the coaxial igni-  
t ion  device as compared t o  the Mark I11 apparatus, the  minimum obtainable 
propelPant temperature, u t i l i z i ng  gaseous propellants, w a s  approximately 
115 OK 

Usifig t h i s  apparatus, a large number of cryogenic igni-  
t ions  were obtained using fixed-bed cata lys ts  of platinum, palladium, and 
Raney nickel.  
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3. Coaxial Injector Ut i l iz ing Entrained Raney Nickel Powder 

The apparatus described i n  the preceding subsection yielded 
a great deal of useful information concerning cryogenic igni t ions  u t i l i z i ng  a 
fixed-bed cata lys t .  

The method of application of greatest  i n t e r e s t  t o  the pre- 
sent program, however, involved the entrainment of the dry nickel powders i n  
the hydrogen stream. With t h i s  arrangement, igni t ion occurs when t h i s  stream, 
with i t s  entrained nickel  powder, comes i n to  contact with the oxygen stream. 
Accordingly, t e s t ing  with fixed-bed cata lys ts  was discontinued, and the empha- 
sis was placed on entrained powder ignit ions.  

The i n i t i a l  f lu id ize r  arrangement i s  shown schematically i n  
Figure 10. The cata lys t  f lu id ize r  section was loaded i n  a dry box, under an 
atmosphere of nitrogen,.with the Raney nickel  powder. 
shown i n  Figure 10, the Raney nickel powder was protected from contact with 
the air by burs t  diaphragms. 

In  the arrangement 

Upon activation of the three-way hydrogen solenoid valve, 
gas pressure ruptured these diaphragms, causing some of the f ine  Raney nickel 
powder t o  be entrained i n  the hydrogen gas stream, as it l e f t  the f lu id ize r  
and entered the coaxial in jector .  

In  another arrangement, the burs t  diaphragms were replaced 
by check valves. This change was made i n  order t o  simulate more closely the 
operation of a system possessing multiple r e s t a r t  capabil i ty.  Both f lu id ize r  
arrangements produced low-temperature ignit ions.  

A s  can be seen from Figure 10, t h i s  apparatus was basical ly  
the same as the Mark V version, with the addition of the f lu id ize r  assembly. 
Accordingly, the Mark V I  device was subject to the same temperature l imitat ion,  
i . e . ,  the in ject ion of gaseous propellants at approximately ll5'K. 

The next step, therefore, w a s  the modification of the appar- 
atus t o  permit the in ject ion of l iquid  oxygen and cold gaseous hydrogen; both 
being cooled t o  the temperature of l iquid  nitrogen. This w a s  accomplished by 
modifying the  Mark V I  apparatus t o  posit ion the oxygen i n l e t  l i n e  i n  l iquid  
nitrogen, thereby assuring l iquefaction of the flowing oxygen. This arrange- 
ment (Mark V I I )  i s  shown schematically i n  Figure 11. The depth of immersion 
i n  l iquid  nitrogen w a s  greater,  with t h i s  device, i n  order t o  ensure tha t  both 
propellants, and the in jector  hardware, were at l iquid  nitrogen temperature. 
The Mark V I 1  device had the feature t ha t  the cata lys t  f lu id ize r  assembly w a s  
also immersed i n  l iqu id  nitrogen, thereby providing information on the func- 
tioning of t h i s  component at cryogenic temperatures. The f lu idizer ,  together 
with i t s  associated check valves, functioned i n  a normal manner under these 
conditions. 
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Using t h i s  arrangement, igni t ions were obtained with l iqu id  
oxygen and Raney nickel entrained i n  the cold gaseous hydrogen stream. 
w a s  a lso determined, by v isua l  observation, t h a t  the Raney nickel powders were 
pyrophoric i n  the presence of l iqu id  oxygen. 

It 

The only remaifing experimental requirement w a s  t o  fur ther  
lower the temperature of the cold gaseous hydrogen. Since safety regulations 
precluded the use of l iqu id  hydrogen i n  the Physical Chemistry Laboratory, 
t h i s  was accomplished by u t i l i z i n g  l iquid  helium f o r  cooling purposes. The 
overal l  system schematic of the arrangement used t o  achieve t h i s  goal i s  shown 
i n  Figure 12. A more detai led schematic of the igni t ion  assembly i t s e l f  i s  
given i n  Figure 13. The sa l i en t  features  of t h i s  arrangement are as follows: 

The igni t ion  device was located within a double Dewar 
arrangement. The outer Dewar  contained l iquid  nitrogen, This served t o  c h i l l  
and l iquefy the oxygen stream, and t o  c h i l l  the nitrogen purge. It a l s o  
served as a pre- chi l l  for  the hydrogen stream. The la t te r  was then directed 
in to  the inner Dewar ,  which was fbther cooled by the flow of cold gweous 
helium. The helium was obtained from a commercial l iqu id  helium D e w a r .  The 
temperature inside the inner Dewar (as measured by the  copper/constantan 
thermocouple, T.C. 2) was controlled by adjusting the rate of addition of 
cold helium from the l iqu id  helium source. It was found t h a t  t h i s  technique 
permitted a convenient control of temperature i n  t h i s  region over the desired 
range. 

The temperature of the cold hydrogen w a s  measured by another 
copper/constantan thermcouple, T.C 
in jec tor .  Hydrogen flowed through the annulus of this injector ,  through a 
0.11l-Zn. bore. The inqer, oxygen l ine  w a s  0,035 in .  O.D. by 0.019 in .  I .D.  
The oxygen and nitrogen purge streams were normally not cooled excessively by 
the cold gaseous heikiwn, since these l i n e s  passed s t r a igh t  from the l iqu id  
nitrogen Dewar t o  the in jec tor  assembly. This tended t o  place a lower l i m i t  
on the hydrogen temperature, however, since the oxygen stream could conceiv- 
ably approach i t s  freezing temperature (55°K)  i f  the temperature of the 
hydrogen stream were permitted t o  get too low. This became even more impor- 
tan t  a t  the lower mixture ra t ios ,  at which the oxygen flow ra te ,  and hence 
the effect ive thermal mass of the flowing oxygen stream, was reduced. 

1, j u s t  p r io r  t o  entering the coaxial 

Both propellants were obtained from pressurized, ambient- 
temperature gas cylinders. 
determined from the gas rotameter, F 1 9  which w a s  also at ambient temperature, 

Referring t o  Figure 12, hydrogen flow r a t e s  were 
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A three-way solenoid valve, V1, diverted the hydrogen flow 
t o  the bypass l i n e  except when an ignit ion t e s t  was being performed. The 
f lu id  resistance of the bypass l i n e  was adjusted By the needle valve, V2, t o  
match t ha t  of the in ject ion l i ne .  
the three-way valve was activated t o  the igni t ion mode. 
three-way solenoid valve was the cata lys t  f lu id ize r .  
gen stream entrained a small amount of Raney nickel powder. 
the f lu id ize r  were protected by check valves, C1 and C2, or, i n  cer ta in  tesks, 
by burst  diaphragms. 

This provided a smooth flow t rans i t ion  when 
Downstream of the 

In  t h i s  device the hydro- 
The contents of 

The hydrogen l i ne  downstream of the f lu id ize r  w a s  purged and 
pre-chilled by a portion of the hydrogen bypass flow, by activation of the two- 
way solenoid valve, V3' The hydrogen l i ne  was then passed in to  the Guter Dewar 
fo r  pre- chi l l .  

The oxygen system w a s  straightforward. Flow r a t e s  were 
measured by the gas rotameter, F2. The gaseous oxygen flow was vented t o  the 
bypass l i ne  by the three-way solenoid valve, V4, except when flow t o  the injec-  
t o r  w a s  desired. The f l u id  resistance of the oxygen bypass linecwas adjusted 
t o  match t ha t  of the in ject ion l i ne  by means of the needle valve, V5. 
gaseous oxygen w a s  then l iquefied by passing through a c o i l  of 1/16-in.-O9D. 
tubing immersed i n  l iquid  nitrogen i n  the outer Dewar, and then flowed as a 
l iquid  t o  the in jector .  

The 

The pre-cooled, gaseous nitrogen purge normally flowed con- 
t inually,  except during igni t ion periods. Provisions were made, by means of 

1 valves V7 and 

ducer traces,  
Oscilloscope, 

follows : 

92 flow, g/min 

SCFM 

H2 flow, g/min 

SCFM 

78, t o  purge each propellant system with nitrogen, 

Output data, consisting of thermocouple and pressure trans- 
$ere recorded on a Tektronix Type 564 Four Channel Storage 
2nd photographed by a Te,ktronic C-19 Oscilloscope Camera. 

The nominal flow ra tes  used i n  these igni t ion t e s t s  were as 

NOMINAL MIX- RATIO, O/F 

0 -5, -1.5 4 .O 6 .o 
0.283 0.85 2.22 2.22 

7.00 x 10-3 0 -0210 0 9055 0 0055 
0 566 0 a 566 0,555 0 0370 
0.222 0.222 0.218 0.1455 
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4. Ignit ion Sensing 

Two types of instrumentation were used f o r  ignit ion sensing; 

The unshielded thermocouple 
The quartz transducer was 

It is of i n t e r e s t  t o  compare 
The pressure transducer output 

(1) one o r  more 0.005-in. Pt/Pt-lo$ Rh f a s t  response thermocouples, and (2) a 
Kis t l e r  601-~1 qua r t z  c rys ta l  pressure transducer. 
beads were mounted d i rec t ly  i n  the igni t ion zone. 
mounted a t  one end of a 2-in. long, 1/8-in. dia. tube; the open end of the 
l a t t e r  vas mounted d i rec t ly  over the injector.  
the information gained from these two sources. 
w a s  the primary signal ,  since this  program was concerned with the establishment 
of a well-defined detonation wave. 
ignit ion had occurred which should have been capable of producing combustion i n  
a large engine The thermocouple output provided useful supporting information 
concerning the mechanism of th is  ignition; e.g., whether o r  not a f i n i t e  pre- 
ignit ion reaction occurred. 
temperature developed i n  the immediate v ic in i ty  of the ignit ion zone. 

The l a t t e r  was posit ive evidence t ha t  an 

It a l so  provided information concerning the loca l  

The response time of the pressure transducer plus amplifier 
was of the order of 10 microseconds, and was therefore negligible f o r  the 
purpose of this program. With th is  a s  a bas is ,  one can then estimate the 
response time of the 0.005-in. Pt/Pt-lO$ Rh thermocouple. 
experimental resul ts ,  discussed subsequently, reveals that the response time 
of th is  thermocouple t o  a detonation wave was too short  t o  be measured a t  the 
oscilloscope t race  speeds u t i l i zed  i n  th is  study (generally 100-200 m i l l i -  
seconds/cm) and could not have been greater  than about 
Moreover, the present exTerimenta1 data verify tha t ,  w i t h  Raney nickel cata- 
l y s t s  a t  the higher mixture ra t ios ,  the i n i t i a l  r i s e  of the thermocouple out- 
put signal  corresponds t o  the detonation wave. 
thermocouple trace was strongly dependent on the par t i cu la r  geometry prevailing 
f o r  the t e s t  in  question. In some cases the trace continued smoothly up t o  the 
maximum temperature; i n  others, there was a l ag  o r  discontinuity in  the trace. 
The indicated maximum temperature accompanying ignit ion was normally about 
2000°K, but was sometimes much lower. 
occurred i n  a few cases, generally associated w i t h  t e s t s  i n  the Mark N appara- 
tus .  
ignit ion area, as a result of the modified exhaust l i n e .  
couple burnout w a s  not a problem during t h i s  study. 

fied, were portrayed on a storage oscilloscope. 
l a t t e r  provided permanent records of ignit ion data. 

Analysis of the 

5 milliseconds. 

The subsequent behavior of the 

Thermocouple f a i l u r e  (due t o  melting) 

This was presumably due t o  the a l t e red  flow patterns prevailing i n  the 
Otherwise, thermo- 

The outputs of these instrumentation probes , suitably ampli- 
Polaroid photographs of the 

The radio noise associated with the act ivation of the sole- 
noid valves produced a pip on the oscilloscope track. 
fo r  computing ignit ion delay times. 
mined by blank runs i n  which only one gas was flowing. 
represents the time interval  between the valve "on" pip and the pressure 
transducer response. 
hydrogen stream) was subtracted from the overall  ignit ion delay time. 

This provided the basis  
The delay due t o  gas lead t i m e  was deter- 

The gas lead time 

This lead time (approximately 20 milliseconds f o r  the 
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A l l  temperature measurements of the cryogenic propellants 
were made with copper/constantan thermocouples, w i t h  room temperature reference 
compensation. These thermocouples were not individually calibrated, since a 
high degree of accuracy was not required i n  these measurements. 
ture  vs. emf relat ionship at the cryogenic conditions involved w a s  based on 
the data of NBS Circular 561, extrapolated with the aid of a cal ibra t ion curve 
f o r  a specif ic copper/constantan thermocouple. 

The tempera- 

C. Ignit ion Mechs3?ism and’ stor’gk’ %h‘aracteristics of Raney Nickel 

A s  mentioned previously, it was necessary t o  develop new storage 
methods for Raney nickel powders, and t o  determine the mechanism respbnsible 
fo r  the igni t ions  obtained from t h i s  material .  
ser ies  of observations involving desorption and re-adsorption t e s t s ,  as des- 
cribed i n  the following section. 

This was accomplished by a 

D. G a s  Adsorption Studies 

Gas adsorption studies were made on samples of Raney nickel  
powder. 
B .E .T (Brunauer-Emmett-Teller) volumetric method. 
information concerning the surface area of these powders and t o  observe the 
hydrogen adsorption character is t ics  at various temperatures. Although only 
limited time was available for these t e s t s ,  in teres t ing data were obtained. 
These data are presented and discussed i n  the following sections. 

These studies were performed by a modification of the c lass ica l  
The purpose was t o  gain 
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I11 * EXPERIt&NTAL S W Y  

This section presents the experimental data obtained during the pro- 
gram, together with a b r i e f  description of the experimental conditions under 
which they were taken, Analyses of these data, and a discussion of the signi-  
Jicance Of the resul ts ,  are a l so  given i n  the following section. 

The igni t ion data of t h i s  section are given i n  approximately chrono- 
logical  order. I n i t i a l  data therefore represent the more quali tat ive,  proof- 
of-principle resu l t s ,  while the l a t t e r  body of data  gives the more quantitative, 
precise results. 
u t i l i zed  i n  the preceding section. 

The igni t ion data are grouped in to  the same headings as 

A.  Experiment a1 Ignit ion D a t a  

1. Preliminary Ignit ions Us'ing Fixed Bed Catalysts 

Ignit ion devices Mark I and Mark I1 were uged t o  demonstrate 
igni t ions  u t i l i z i ng  a platinum cata lys t .  
similar t o  that  of Reference 10, which involved the formaldehyde reduction 
process. The cata lys t  w a s  i n  the form of an agglomerated powder. The ac t i -  
v i t y  of t h i s  material decreased very noticeably with temperature. Ignit ions 
were demonstrated, however, at temperatures near tha t  of l iquid  oxygen, 90°K 
(162O~) e 

technique of recording igni t ions  by means of f a s t  response Pt/Pt-lO$ Rh 
thermocouples. 

The l a t t e r  w a s  prepared by a method 

These preliminary items of apparatus also served t o  check out the 

The Mark I11 apparatus (Figures 3 and 4) w a s  used for  the 

In  

Since t h i s  material became pyrophoric when dry, it w a s  necessary 

preliminary evaluation of Raney nickel powders. 
pared by modifications of the procedures given i n  References 11 and 18. 
these i n i t i a l  t e s t s  <he nickel w a s  stored i n  the form of a sludge under 
methanol. 
t o  protect  it from contact with oxygen u n t i l  time for  an igni t ion t e s t .  
was done i n  the following manner: 
rature, a small amount (1-2 grams) of the Raney nickel-methanol sludge w a s  
placed i n  the igni t ion zone (see Figure 3) .  
slipped on, and the nitrogen purge s tar ted.  
methanol, leairing the dry, pyrophoric Raney nickel  behind. The l a t t e r  w a s  
broken up in to  a powdery form by inser t ion of a s ta in less  s t ee l  spatula down 
the exhaust tube. Liquid nitrogen w a s  then added t o  the containing Dewar, 
and the en t i re  apparatus chi l led .  
protected the Raney nickel  by excluding air and moisture, Ignit ion w a s  
accomplished by activating %he hydrogen and oxygen solenoid valves e 

preliminary igni t ion data are l i s t e d  i n  Table I. 

The Raney nickel w a s  pre- 

This 
With the Mark 111 device at  ambient tempe- 

The exhaust tube was quickly 
This served t o  vaporize the 

During t h i s  period the nitrogen purge 

These 
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For the i n i t i a l  se r ies  of tests described i n  Table I, i n  no 
case was an attempted igni t ion unsuccessful a t  atmospheric pressure. Normally, 
four o r  f ive  ignit ions could be obtained from the sample of Raney nickel  before 
the  nickel powders became completely oxidized. 

Some of the attempted vacuum runs f a i l e d  t o  produce an indi- 
cation of ignit ion.  I n  every case, however, post-run inspection revealed that 
the nickel powders had been oxidized, w i t h  the l ibera t ion of considerable heat. 
It is  l i ke ly  t ha t  t h i s  occurred during the process of evacuating the system, 
since a small leak would permit atmospheric oxygen t o  come into  contact w i t h  
the pyrophoric powder. Subsequent t e s t s  have indicated that the geometric 
arrangement of the ignit ion chamber may be an important variable. 
results of some of these runs are  shown i n  Figures 14 and 15. 

Photographic 

Table I indicates that the majority of ignit ions occurred 
w i t h  a time lag  of the order of 200-500 milliseconds, w i t h  a f e w  runs proving 
that  more rapid ignit ions are  possible under favorable circumstances. Control 
measurements w i t h  the pressure transducer output showed tha t  only a negligible 
f ract ion of thLs delay could be a t t r ibu ted  t o  thermocouple response time. 

The response times of the solenoid valves, and of the f l u i d s  
concerned, were next considered. Information on this  subject is given i n  
Figure 16, which shows the response of the pressure transducer t o  flow of each 
separate gas with the Mark 111 ignit ion device. The response times f o r  the 
valves were negligible f o r  present purposes, but the times required f o r  the 
gas flows t o  become established were not negligible. It can be seen from 
Figure 16 tha t  the hydrogen flow required about 120 milliseconds t o  reach 
steady state, while the oxygen flow took about 440 milliseconds f o r  steady 
s t a t e  t o  be obtained. It is of course readily possible t o  obtain ignitions 
before steady-state flow has been at tained.  
cates,  however, t h a t  cer ta in  minimum time intervals  a re  required before gas 
flow becomes s ignif icant .  These minimums appear t o  be, roughly, 20 m i l l i -  
seconds f o r  hydrogen and 50 milliseconds f o r  oxygen. Since an oxygen lead 
was normally used, 20 milliseconds were subtracted from the overall  ignit ion 
times. 

An inspection of Figure 16 indi- 

Sl ight  i r regu la r i t i e s  i n  the flow pulses, which occurred 
when one o r  both of the solenoid valves were activated, could w e l l  have 
delayed the attainment of a suitable mixture r a t i o  i n  the ignit ion zone. 
This factor  i s  possibly one of the main reasons f o r  the s ca t t e r  i n  the 
observed ignit ion times. 
t i on  device. 

The problem was a l levia ted i n  the coaxial injec- 

In Run 114, performed a t  a pressure of 2.2 psia,  the i n i -  
t i a l  r i s e  of the thermocouple t race  was not c lear ly  defined. 
transducer was not ins ta l l ed  f o r  t h i s  test. There was no detectable audible 
s ignal  accompanying the ignition. 

The pressure 
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These tests w i t h  the Mark I11 device demonstrated t h a t  igni- 
t ions could be routinely a t ta ined a t  temperatures down to  about WOK (1.62’~) 
u t i l i z i ng  Raney nickel. 

2. Coaxial Injection Ut i l iz ing Fixed Bed Catalysts 

In accordance w i t h  requests of the contracting agency, fur- 
ther  ignit ion tes t ing  was res t r i c ted  t o  devices employing coaxial injection of 
the propellants. 

The first of these, the Mark V ignit ion device (Figures 7-9), 
continued the f ixed ca ta lys t  bed t e s t s  described previously. In addition t o  
Raney nickel, t e s t s  were performed with vzrious types of platinum and palla-  
dium cata lys ts ,  primarily f o r  comparative purposes. 
r ized i n  Table 11. 
appl icabi l i ty  t o  this program. 
however, i n  order t o  afford a bas is  of comparison, and t o  demonstrate the 
effectiveness of various in-house activation treatments. 

These t e s t s  a re  summa- 
Some of the cata lys ts  l i s t e d  therein a re  not of d i rec t  

They were included i n  the t e s t  schedule, 

It should be noted t ha t  the corrected ignit ion times reported 
i n  Table I1 represent the observed t o t a l  ignit ion delay time, minus the gas 
lead t i m e ,  which was of the order of 20 milliseconds f o r  these tests. 

A s  can be seen from Table 11, these systems have demonstrated 
f ea s ib i l i t y  f o r  low-temperature ignit ions,  with corrected ignit ion times i n  the 
vic ini ty  of 10 milliseconds having been measured. 
of these runs a re  shown i n  Figure 17. 

Oscilloscope traces of two 

The r e l i a b i l i t y  of the attempted ignit ions u t i l i z ing  Raney 
nickel as a f ixed bed was exceptionally good, yielding successful resu l t s  f o r  
a l l  attempts. An inspection of Table I1 reveals that ignit ion delays of the 
order of 40-50 milliseconds can be obtained w i t h  this material, with resu l t s  
i n  the 10-20 millisecond range under optimum conditions. 
ignitions was obtained from each sample before the nickel powders were deac- 
t ivated.  
over the coaxial injector t o  get  minimum ignit ion delays. It is l i ke ly  tha t  
t h i s  fac tor  was responsible f o r  the s ca t t e r  observed i n  the ignit ion t i m e s .  
This indicated t ha t  the optimum cata lys t  bed geometry had not yet  been ascer- 
tained. However, no e f f o r t  was directed toward optimizing t h i s  parameter, as 
it was f e l t  t h a t  the f luidized bed concept offered greater  potential .  

An average of 11 

However, in  many instances the cata lys t  would need t o  be repositioned 

was 
l a r  

Two types of noble metal ca ta lys ts  were a lso  evaluated. One 
i n  the form of essent ia l ly  pure platinum black, prepared by a method simi- 
t o  that of Reference 10. The other was a commercial 5$ palladium on ac t i -  

vated alumina. 
conditions. 
however, produced no ignitions. 

Both materials consistently produced ignitions a t  ambient 
Attempts t o  use the same catalysts  a t  cryogenic temperatures, 
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Portions of both materials were subjected t o  a process of 
evacuation, followed by exposure t o  ambient hydrogen gas. 
a marked improvement, par t icular ly  f o r  the palladium cata lys t ,  as shown by 
Runs 145-157 i n  which ignit ions were obtained a t  134OK. 
with fh? postulate t ha t  pre-chemisorbed hydrogen is responsible f o r  the cryo- 
genic ca ta ly t ic  a c t i v i t y  of noble metal ca ta lys ts  f o r  H2/02 ignition. 
regard, it is believed that the basic mechanism of igni t ion obtained from 
Raney nickel is s imilar  t o  t h a t  of noble metal catalysts .  

This treatment made 

This is i n  keeping 

I n  t h i s  

The observations of th is  program therefore indicate that 
there is a problem area associated with the exposure 
of t h i s  type t o  the vacuum of space. 
w i l l  be greatly speeded up if the cata lys t  bed is s t i l l  warm from previous 
engine f i r ing) .  
be necessary t o  deposit a new layer  of chemisorbed hydrogen before the cata- 
l y s t  w i l l  be capable of producing cryogenic ignit ions.  

of fixed-bed cata lys ts  
Desorption of hydrogen w i l l  r e su l t  (and 

According t o  the mechanism postulated i n  th is  report ,  it w i l l  

It is,  of course, possible that  cer ta in  noble metal formu- 
la t ions  may chemisorb hydrogen more rapidly than the materials investigated 
i n  th is  program. Based upon quite general kinetic considerations, however, 
it does not appear l i k e l y  tha t  th i s  adsorption process w i l l  occur extremely 
rapidly 
pract ica l  system. 

(a few milliseconds o r  less) a t  cryogenic temperatures f o r  any 

The implication i s ,  therefore, that a fixed-bed, noble metal 
ca ta lys t  would have t o  be protected f r o m  exposure t o  space vacuum i n  order t o  
provide cryogenic r e s t a r t  capability. 

. _- 
This condition does not a f f ec t  the application of Raney 

nickel,  since it is proposed t o  u t i l i z e  the l a t t e r  by f lu idizat ion in to  the 
hydrogen stream, ra ther  than a s  a fixed bed catalyst .  

A modified form of h n e y  nickel was u t i l i zed  i n  some of the 
This material was prepared i n  a manner similar t o  t h a t  used 

. _  

fixed-bed t e s t s .  
w i t h  e a r l i e r  batches, except that the final stage of washing with methanol 
(and subsequent storage under methanol) was 
stopped a f t e r  the water r inse  stage and the f inal  product w a s  s tored under 
d i s t i l l e d  water. The reason f o r  doing t h i s  was as  follows: During the water 
r inse  stage, the Raney nickel ex i s t s  i n  the form of re la t ive ly  large par t i c le  
agglomerates, with no f ines  present. It is only a f t e r  the material is r insed 
with absolute (anhydrous) alcohol that the par t i c le  s i ze  becomes very small 
(approaching col lo idal  s ize ) .  It is l i k e l y  that this pronounced par t i c le  s ize  
reduction is due t o  a combination of surface tension effects ,  and the strong 
a f f i n i t y  of the anhydrous methanol f o r  any bound water which may be associated 
with the par t i c le  agglomerates. 
a r e  broken up in to  t h e i r  constituent f i ne  par t ic les .  

omitted. That is, the process was 

The r e su l t  is that the coarse agglomerates 
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The e f f ec t  of stopping a t  the water r inse  stage is, therefore, 
the production of Raney nickel  i n  a coarser par t i c le  form, which has perhaps 
more bound hydrogen than in the form used previously. This modified form of 
Raney nickel produced ignit ions which were among the most rapid observed. 
this application, the material was present i n  the igni t ion zone a s  a fixed bed. 
Although quite act ive cata lyt ica l ly ,  this form was l e s s  pyrophoric than the 
others, due t o  i ts  coarser par t i c le  (or agglomerate) s i z e .  This provided a 
la rger  thermal mass and a smaller surface-to-mass r a t i o .  The heat of reaction 
between oxygen and the chemisorbed hydrogen could thus be dissipated more 
readily. 

In 

3. Coaxial Injection Uti l izing Entrained Raney Nickel Powder 

I n i t i a l  data of t h i s  type were obtained from the Mark V I  
ignit ion device (Figure 10) i n  which the dry Raney nickel powder was entrained 
i n  the hydrogen stream. 
down to  near the boil ing point of oxygen, W O K  (162O~). These data are  summa- 
rized i n  Table 111. 
tions by the use of dry Raney nickel powders entrained by f lu idizat ion i n  the 
H2 stream. 

This uni t  operated with gaseous propellants, cooled 

They demonstrated the f ea s ib i l i t y  of obtaining rapid igni-  

The ignit ion delay times i n i t i a l l y  obtained by t h i s  method 
were subject t o  sca t te r ,  as shown i n  Table 111. It is believed t ha t  t h i s  was 
primarily a matter of mechanical design of the f lu id ize r  chamber, ra ther  than 
a fundamental l imitat ion.  
most rapid ignit ion times (of 20-30 milliseconds) reported i n  Table I11 (Runs 
191 and 192, Figure 18), compare favorably with the bes t  results obtained from 
the fixed bed technique. 

This statement is supported by the f a c t  t h a t  the 

A pronounced difference i n  the ignit ion character is t ics  as  
a function of mixture r a t i o  was observed. Ignitions obtained a t  a .mixture 
r a t i o  (O/F) of 6.0 were consistently exemplified by a sharp, well-defined 
detonation pulse. A t  the oscilloscope t race  speeds used i n  these studies, the 
ignit ion pressure surge appeared as a sharp, ve r t i ca l  pip on the pressure trans- 
ducer trace {see Figure 18). On the millisecond scale,  there was no appreciable 
pre- ignition reaction time. 

The s i tua t ion  was quite d i f ferent  a t  the lower mixture r a t i o  
These ignit ions were of a much milder nature, w i t h  indica- of 1.5, however. 

t ions of a reaction pressure buildup stage l as t ing  on the order of 200 m i l l i -  
seconds. In  addition, it was found, by visual  observation of the  in te r io r  of 
the ignit ion tube (by means of a prism), that most ignitions were occurring 

w e l l  downstream of the region i n  which the ignit ion a t  O/F = 6.0 occurred. 
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This factor was doubtless one of the major reasons fo r  the apparent sca t te r  
and nonuniformity observed i n  the igni t ions  at  O/F = 1.5  (Runs 214 through 
228 of Table 111). The pressure r i s e s  accompanying these more gentle igni-  
t ions  were so s l igh t  that ,  unless the exhaust tube was firmly stoppered, they 
did not reg i s te r  on the pressure transducer t race .  Also, the igni t ions  some- 
times occurred suff ic ient ly  f a r  downstream of the fast-response thermocouple 
t ha t  no signal  w a s  obtained from the l a t t e r .  

These points  are i l l u s t r a t ed  i n  Figure 19. The top photo 

Vote t ha t  the pressure buildup curve has a 
therein shows the pressure transducer t race  for  a cal ibra t ion run i n  which 
hydrogen gas alone was flowing. 
negative second derivative (i .ea ,  the curve i s  concaye t o  the time axis) .  
This character is t ic  was observed i n  all cal ibra t ion runs, wherein the 
pressure buildup was due solely t o  the gas flow. 

The bottom photograph of Figure 19 depicts an igni t ion (at  
This run had. an oxygen O/F = 1.5) obtained w i t h  the exhaust tube stoppered. 

lead, as indicated by the s l igh t  r i s e  i n  pressure p r io r  t o  opening the hydro- 
gen valve. After actuation of the l a t t e r  valve, the pressure buildup curve 
showed a posit ive second derivative ( i .e . ,  convex t o  the time ax i s ) .  This 
was due t o  the more rapid pressure r i s e  resul t ing from the H2/02 combustion 
reaction, which began shor t ly  a f t e r  the hydrogen gas ( w i t h  entrained Raney 
nickel) entered the igni t ion zone. 
an increasing r a t e  for  approximately 240 milliseconds before the detonation 
pulse occurred. 
exhaust tube, causing the  pressure t race  t o  decrease t o  i t s  base l i n e  valve. 
The fact  t h a t  the thermocouple t race  did not regpond indicates tha t  the igni-  
t i on  occurred considerably downstream of the in jector .  

This igni t ion pressure r i s e  continued at 

The l a t t e r  blew out the r e s t r i c t i on  which had. blocked the 

The next phase of t es t ing  involved the in ject ion of l iquid,  
This was accomplished with the Mark V I 1  appara- 

The igni t ion data are given i n  Table Tv, with selected 
ra ther  than gaseous, oxygen. 
t u s  (Figure 11). 
ignit ion t races  shown i n  Figures 20 and 21. 

All of the igni t ions  (15) recorded i n  Table Tv were 
obtained from a single charge of Raney nickel  (about 4 grams) e 

there were approximately as many igni t ions  obtained from t h i s  sample which 
were not recorded. The charge of Raney nickel had not been depleted when 
these t e s t s  were discontinued. Upon disassembly, there appeared t o  be 
approximately one gram of nickel  powder remaining. 

In addition, 

Liquid oxygen w a s  v i sua l ly  observed (by means of a prism) 
t o  be welling out of the oxygen tube or in jector .  
be heard (and usually seen) almost immediately upon opening of the hydrogen 
valve. 

Generally, sparking could 

This w a s  due t o  the pyrophoric reaction which occurred when small 
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par t i c les  of Raney nickel contacted l iqu id  oxygen. 
detected by the instrumentation. A t  times, the pronounced detonation wave 
accompanying ignit ion was delayed, presumably un t i l  su f f ic ien t  mixing of the 
propellants had occurred. 
viding a brief oxygen lead. 
defined ignit ion) were obtained i n  every attempt. 
vailed, the ignit ion would proceed cata lyt ica l ly .  S t r i c t l y  speaking, the 
combustion process would be well  underway before the Raney nickel powders 
themselves react  pyrophorically w i t h  the oxygen. 
permit the nickel  powders t o  be i n  a localized zone which is very oxygen 
r ich ,  the powders would become incandescent before the ignit ion proper 
occurred. 
por t  the incandescent par t i c les  in to  a region of favorable mixture ra t io .  
Thus, although ignit ions w i l l  be obtained i n  both cases they w i l l  be more 
rapid and uniform under conditions which provide f o r  thorough mixing i n  the 
immediate v ic in i ty  of the injector.  

These sparks could not be 

This delay could be reduced considerably by pro- 
Posit ive r e su l t s  (e i ther  sparking o r  a c lear ly  

If complete mixing pre- 

Should incomplete mixing 

The l a t t e r  would be delayed by the  mixing time required t o  trans- 

The corrected ignit ion time f o r  Run 246 (Figure 21) was 
approximately 10 milliseconds. 
t ions of the program. 
admission of H2 gas t o  the attainment of steady-state combustion. 
cussed previously, a t  a mixture r a t i o  (O/F) of 6.0, the detonation wave 
accompanying ignit ion was v i r tua l ly  simultaneous (on the millisecond scale)  
with the i n i t i a l  r i s e  of the thermocouple trace.  This is shown i n  the traces 
f o r  Runs 242 and 243 (Figure 20), which yielded corrected ignit ion times of 
about 60 and 1 5  milliseconds, respectively. 
t i v e  i n  Run 246. The corrected ignit ion times were obtained by subtracting 
the H2 gas lead time (approximately 20 milliseconds) from the t o t a l  time 
in terval  between the He valve "on" pip and the ignit ion.  These data demon- 
s t r a t e  t ha t  the ignit ion characterist ics of Raney nickel  i n  the presence of 
l iqu id  oxygen a re  a t  l e a s t  as  favorable as  those when gaseous oxygen is used. 

This represents one of the most rapid igni- 
It should be noted that t h i s  is the  t o t a l  time from 

A s  d is-  

The pressure t race  was not opera- 

The f i r i ngs  reported i n  Table IV were obtained w i t h  a l l  
in jector  hardware, including the f lu id ize r ,  a t  l iqu id  nitrogen temperature, 
approximately 77% (138OR). 
a l so  a t  this  temperature. 

Both the l iquid  oxygen and gaseous hydrogen were 

It is a lso  of in te res t  t o  note t h a t  the f lu id ize r ,  using 
standard check valves, operated s a t i s f ac to r i l y  a t  77%. 
encountered with the downstream check valve, which was exposed t o  the stream 
of gaseous hydrogen with entrained Raney nickel powder. 
t ha t  the concept of u t i l i z i ng  entrained Raney nickel should not present 
unusual hardware and plumbing problems. 

No problems were 

It therefore appears 

The final experimental stage involved coollng the hydrogen 
stream w i t h  helium, i n  order t o  obtain ignit ion data w i t h  the hydrogen tempe- 
rature i n  the range of 40-140°R (approximately 22-78%). 
with the Elark V I 1 1  device (Figures 12 and 13) .  These data are  given i n  Table 
V. 

This was accomplished 

Figures 22 and 23 show some of the  ignit ion oscilloscope traces. 
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The first group of data i n  Table V (Runs 250-264) were made 
at  l iquid  nitrogen temperature (propellants plus hardware). It can be seen 
t ha t  the igni t ion times reported therein are  consistently longer than those 
obtained with the former apparatus under these same experimental conditions 
(see Table IV) . 
device did not promote rapid mixing of the propellants as well as did i t s  
predecessor, the Mark V I I  device. 

It appears, therefore, t h a t  the geometry of the Mark V I 1 1  

Runs 265-274 were performed with l iqu id  helium cooling of 
The hydrogen temperatures reported i n  Table V were the hydrogen stream. 

measured with the thermocouple designated T.C. 1 i n  Figure 13. 
procedure, igni t ions  were obtained i n  the contractual temperature range. The 
igni t ion times observed i n  Runs 265-274 were of the same magrtitu.de as those 
of Runs 250-264. 
temperature of the hydrogen stream e 

With t h i s  

There was no observable e f fec t  on igni t ion of the lower 

The lowest hydrogen temperature at  which an igni t ion 
occurred was 57°K (lO3"R), i n  Run 270, shown i n  Figure 22. 
t i on  time could not be determined i n  t h i s  case, due t o  the fa i lu re  of the 
hydrogen valve "ontt pip t o  reg i s te r  on the oscilloscope. 
normal, however, and could not have required over 500 milliseconds, i .e . ,  
the same order as other igni t ions  obtained with t h i s  apparatus. 

The exact igni-  

The igni t ion w a s  

Referring again t o  Figure 13, it can be seen tha t  the 
coaxial in ject ion feature, combined with the low flow rates of these labora- 
to ry  devices, places a minimum on the permissible hydrogen i n l e t  temperature. 
Recalling t ha t  the freezing temperature of l iquid  oxygen i s  about 55°K (99"R), 
it can be appreciated t ha t  hydrogen temperatures substant ia l ly  lower than t h i s  
could lead t o  p a r t i a l  plugging of the oxygen flowing i n  the centra l  tube of 
the in jector  e It appears, therefore, t ha t  hydrogen i n l e t  temperatures much 
below tha t  of Run 270 would not be feas ible  with t h i s  apparatus. Additional 
information on t h i s  subject may be gained from Runs 275-278. In Run 275, an 
igni t ion was obtained at  64"~. 
helium t o  the inner Dewar was increased, i n  order t o  lower the temperature. 
When the hydrogen gas temperature read 48"~, an igni t ion was attempted, but 
w a s  unsuccessful (Run 276). On permitting the hydrogen temperature t o  r i s e  
s l ight ly ,  igni t ions  were again obtained. Although one cannot say with cer- 
t a in ty  what prevented the igni t ion i n  Run 276, it i s  l i k e l y  t ha t  p a r t i a l  or 
complete plugging of the oxygen l ine ,  due t o  freezing, w a s  responsible. 

Following th is ,  the flow r a t e  of cold gaseous 

This e f fec t  could have been minimized i n  the exis t ing appara- 
tu s  by introducing the hydrogen and oxygen strearas separately i n to  the igni t ion 
zone. The preferred coaxial in jector  approach w a s  followed, however, i n  accord- 
ance with requests of the contracting agency. 

i 
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It w i l l  be noted i n  Figures.-22 and 23 t ha t  a second thermo- 
couple t race  appears on the oscilloscope t races .  The middle t race  i s  due t o  
the Pt/Pt-10% R h  fast-response thermocouples located i n  the igni t ion zone 
immediately downstream of the in jector .  The bottom t race  i s  the output of a 
similar thermocouple located further downstream, i n  the exhaust tube. The 
l a t t e r  thermocouple w a s  useful  for  detecting ignit ions at low mixture r a t i o s  
and at  p a r t i a l  vacuum conditions, as Run 279 (Figure 23) demonstrates. 

The r e su l t s  obtained under p a r t i a l  vacuum conditions (such as 
Runs 279-283) were more d i f f i c u l t  t o  in te rpre t .  The igni t ions  detected by the 
instrumentation usually occurred a f t e r  re la t ive ly  long delays (several  hundred 
milliseconds) 
tha t  ignit ions had occurred which were not picked up by the instrumentation, 
presumably due t o  the f a c t  t ha t  they occurred downstream of the thermocouple 
ins ta l l a t ions .  It appears, therefore, t ha t  considerable work would s t i l l  have 
t o  be done i n  evaluating the e f fec t  of igni t ion zone geometry on mixing e f f i -  
ciency under vacuum conditions. 

In  several cases, however, post-run inspection c lea r ly  showed 

It i s  in teres t ing t o  note t h a t  igni t ion Runs 279-283 were 
obtained from a sample of Raney nickel which had been stored for  almost f ive  
months (under hydrogen gas) p r io r  t o  t h i s  use. The material used i n  these 
tests gave every indication of being as active as the other samples. 

B. Ignit ion Mechanism and Storage Characterist ics of Raney Nickel 

Raney nickel  i s  prepared by reacting a nickel-aluminum al loy 
( i n  the form of a f ine  powder) w i t h  sodium hydroxide. The reaction i s  

NiA12 + 2NaOH + 4H20+2Na(H2M03) + N i  f 6LH] (19) 

The nascent (atomic) rhydrogen i s  therefore formed i n  close proximity t o  the 
newly exposed nickel  surface. 
hydrogen and escapes; a small par t  i s  chemisorbed on the fresh nickel surfaees. 
In  simplified notation, 

Most of th i s  nascent hydrogen forms molecular 

Thus the Raney nickel contains some chemisorbed hydrogen as a d i rec t  r e su l t  
of i t s  method of preparation. 

In the usual application, the product i s  stored under an i ne r t  
carr ier ,  such as ethanol, u n t i l  ready for use. During t h i s  period, slow but 
continual evolution of hydrogen may be observed. 
the gradual desorption of the chemisorbed hydrogen. 
weeks, at most, the Raney nickel  loses  i t s  ac t iv i ty .  

This doubtless represents 
In  a period of a f e w  
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It was evident, therefore, t ha t  a more suitable storage tech- 
nique would have t o  be developed which would permit long-term storage of the 
material i n  the active s t a t e .  Theoretical considerations indicated the desir-  
a b i l i t y  of storage under an atmosphere of hydrogen, preferably i n  the form of 
the dry nickel  powder under hydrogen gas at  ambient conditions. This w a s  
done, with indications of a v i r t ua l l y  indef ini te  storage l i f e  under these 
l a t t e r  conditions. The experimental arrangement w a s  as follows: 

Eight samples were withdrawn from a common source of Raney 
nickel-methanol sludge. One sample w a s  placed i n  each of eight  f lasks,  and 
immediately covered with methanol. Next, the eight  flasks were simultaneously 
evacuated t o  dryness. 
mately 100,UHg. 
f lasks,  t o  approximately atmospheric pressure, These f l asks  were then s e t  
aside, t o  serve as long-term storage t e s t s .  
remainder of the contract period, these f l asks  were opened and tes ted fo r  
pyrophoricity i n  ambient air.  
cryogenic-temperature igni t ion t e s t s .  

The exact pressure was not measured, but  was approxi- 
Hydrogen gas w a s  then admitted simultaneously t o  the eight  

A t  various times throughout the 

Some of these samples were a l so  used i n  

The r e su l t s  of these t e s t s  were as follows: 

Sample Total Storage Time Condition 
, No. Under Ambient H2 Gas when Openex Remarks 

1 7 Days Intensely pyrophoric 

2 14 Days I t  t? 

t? tt 3 29 Days 

4 58 Days tl t? Used successfully i n  en- 
trained metal igni t ion 
t e s t s ,  Runs 190-194 

5 86 Days If I? Low- temperature i gni - 
6 120 Days ( 23 4 months) t' 

7 159 Days ( NN 5 months) tl I t  Used successfully i n  low- 

t ions  obtained 
tt 

temperature vacuum igni-  
t ions,  Runs 279-283 

The procedure i n  opening these f lasks  was t o  quickly evacuate t o  
a crude vacuum ( t o  remove the bulk of the gaseous hydrogen, and back- f i l l  with 
nitrogen gas. 
phere, in to  the f lu id ize r ,  

The contents could then be transferred, under an i n e r t  atmos- 
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These observations represent, as f a r  as i s  known, the longest 
storage periods at tained with Raney nickel .  Quali tat ively,  each of these 
samples w a s  immediately pyrophoric upon contact with air, with no observable 
decrease i n  ac t i v i t y  with storage time. According t o  the theoret ica l  model 
described ea r l i e r ,  there should be no reasonable l i m i t  t o  the shelf l i f e  of 
Raney nickel powder stored under these conditions. 

It w a s  next necessary t o  demonstrate conclusively t ha t  the pyro- 
phorici ty of the Raney nickel being used i n  these t e s t s  i s  due t o  a chemi- 
sorbed layer  of hydrogen, ra ther  than simply being a r e su l t  of the s m a l l  
pa r t i c le  s ize  of the nickel powder. 
simple experiment. 

This w a s  accQmplished by the following 

Two dif ferent  samples were withdrawn from a common batch of 
Raney nickel stored under methanol; t h i s  parent batch of nickel was shown t o  
be pyrophoric j u s t  before the samples were withdrawn. The two samples were 
then evacuated t o  dryness (at  approKimately 100/ccHg), and then back-filled 
with ambient nitrogen gas. After a short period of time, both samples were 
exposed t o  the air and found t o  be completely inactive (nonpyrophoric). 
These same two samples were then returned t o  the vacuum desiccator and re-  
evacuated, followed by back- fi l l ing with ambient hydrogen gas. Two days 
l a t e r ,  these samples were exposed t o  air ( a f t e r  pumping off the hydrogen 
gas) and found t o  pyrophoric. 
the theoret ica l  model presented previously. 

These r e su l t s  are i n  complete agreement with 

Additional ve r i f i ca t ion  came from t e s t s  i n  which reacted, oxi- 
dized Raney nickel  (now i n  the form of nickel oxide) w a s  regenerated. 
w a s  done by reducing under hydrogen at about 300°C and removing the water 
formed by the reaction: 

This 

N i O  + H2--) N i  + H20. 

Upon chemisorbing a layer of hydrogen onto the reduced nickel 
powder, the l a t t e r  w a s  again made active, as evidenced. by i t s  pyrophoricity. 

A s  a r e su l t  of the preceding observations, the igni t ion mech- 

The ca ta ly t i c  a c t i v i t y  of Raney nickel  f o r  low temperature H2/ 

anism of Raney nickel  may be summarized as follows: 

02 igni t ion i s  due sole ly  t o  a pre-existing layer of chemisorbed hydrogen. 
This serves t o  produce igni t ions  by one or both of two main paths. 
i s  based on the f ac t  tha t  the chemisorbed hydrogen has a s m a l l  but f i n i t e  
tendency t o  desorb, producing an extremely small concentration of hydrogen 
atoms i n  the v i c in i t y  of the nickel surface. This i s  the same as Reaction 
(18) , discussed previously. 

The f i r s t  

This very s m a l l  concentration af f r e e  hydrogen 
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atoms may react  with oxygen molecules t o  i n i t i a t e  the combustion process by 
Reactions (6-10) described i n  Section I. 
may react  d i rec t ly  with the chemisorbed hydrogen atoms, t o  produce f ree  
radical  species, such as OH, which could then desorb and t r igger  the combus- 
t i on  reaction by a similar process. 

Alternatively, --the oxygen molecules 

The heat release associated with these reactions, which occur 
e i the r  on or very near the nickel surface, r a i s e s  the temperature of the 
nickel  pa r t i c les .  The l a t t e r ,  due t o  t h e i r  small thermal mass, quickly 
a t t a in  a temperature suff ic ient  t o  promote the d i rec t  oxidation reaction 
between elemental nickel and oxygen; i . e . ,  the nickel  powders are pyrophoric. 
Although t h i s  pyrophoricity may be quite useful  i n  promoting an ignit ion,  it 
def in i t e ly  represents a secondary process, resul t ing from the primary cata- 
l y t i c  reaction involving the chemisorbed hydrogen. 
with no change i n  par t i c le  s ize  or configuration, the nickel  i s  no longer 
pyrophoric. 

Upon removal of the l a t t e r ,  

C . G a s  Adsorption' Studie's' 

One of the purposes of the gas adsorption studies was t o  obtain 
information concerning the surface area of the Raney nickel  powders. This 
w a s  done i n  a volumetric apparatus, using standard B.E.T. nitrogen adsorption 
techniques (35). 

The surface area determined by t h i s  method for  two di f ferent  
batches of Raney nickel  powder was approximately 50 m2/g (square meters per 
gram of nickel  powder). In comparison, a sayple of the pure platinum cata- 
l y s t  used e a r l i e r  i n  the program had a surface area of 6 m2/g. 
accordance with the greater  a c t i v i t y  observed fo r  the Raney nickel at low 
temperatures as compared t o  the platinum black. 

This i s  i n  

Additional information on t h i s  subject i s  provided from the 
data of Figures 24 and 25, which show hydrogen adsorption isotherms for these 
two materials.  

The present discussion i s  concerned with the adsorption iso- 
therms at ambient temperature. (298-300°K), since these curves may be expected 
t o  represent the desired phenomenon of chemisorption (as opposed t o  the 
physical adsorption which may occur at lower temperatures) e 

It can be seen from these curves t ha t  the Raney nickel chemi- 
sorbs considerably more hydrogen per uni t  weight than the platinum black. 
Even on the basis of ca ta lys t  volume ( t o  take i n to  account the greater  den- 
sity of platinum) the Raney nickel adsorbs more hydrogen.. 
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The significance of these curves i s  t ha t  the  amount of chemi- 
sorbed hydrogen i s  a measure of the amount of f ree  hydrogen atoms which may 
be available t o  produce a ca ta ly t i c  ignit ion.  

It must be emphasized tha t  the f i e l d  of adsorption measurements 
i s  a complex one, par t icular ly  as it applies t o  the Raney nickel powders. 
After a rapid i n i t i a l  uptake of hydrogen, long periods of t i m e  ( 2  days or more) 
were sometimes required t o  reach f i n a l  equilibrium. This could represent a 
specif ic type of activated chemisorption, complicated by the diffusion pro- 
cesses involved i n  permeating through the nickel powder. Further work would 
be required i n  order t o  provide unambiguous in terpre ta t ion of the data shown 
i n  Figures 24 and 25.  
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Tv. EVALUATIOR OF EXPERIMENTAL DATA 

The preceding section gave br ie f  analyses of each group of data, at 
The purpose of this section i s  t o  r e l a t e  the time those data were presented. 

a l l  the previously reported observations with the general question of the 
f ea s ib i l i t y  of producing re l i ab le  low-temperature igni t ions  i n  f u l l -  size 
rocket engines. 

A. General Summary and Conclusions 

One of the main goals of t h i s  program w a s  t o  investigate novel, 
unconventional methods of producing low-temperature H2/02 igni t ions  e 

the f luidized metal powder concept w a s  of prime in t e r e s t  ( ra ther  than a fixed 
cata lys t  bed), a matter of some concern was the development of ca ta ly t i c  and/ 
or pyrophoric metal powders of much lower cost than the noble metals such as 
platinum and palladium. 

Since 

Theoretical considerations ea r ly  i n  the program l e d  t o  i n t e r e s t  
i n  materials of the Raney nickel type. It was decided t o  investigate the low- 
temperature igni t ion character is t ics  of Raney nickel,  and t o  simultaneously 
determine i f  t h i s  material  could be put in to  a form possessing indef ini te  
shelf l i f e  i n  the activated s t a t e .  

Results of both of these tasks  were highly encouraging. 
f inely  divided Raney nickel  powders entrained i n  the hydrogen gas stream, a 
large number of cryogenic igni t ions  with l iquid  oxygen were obtained. 
t ion  times of the order of 10 milliseconds were observed i n  the most favorable 
conditions. 
igni t ion zone t o  the detonation pulse accompanying a c lea r ly  defined igni t ion.  
The most rapid of the igni t ions  observed i n  t h i s  program were of the same order 
a$ cer ta in  l imit ing conditions, primarily the hydrogen gas lead time. The 
above f igure of 10 milliseconds does not, therefore, appear t o  represent a 
l i m i t .  
t i on  process could be sub-divided by the instrumentation i n  use i n  t h i s  pro- 
gram, which w a s  primarily of a screening nature. 

Using 

Igni- 

This represents the time from admission of hydrogen gas in to  the 

It represents, rather,  the smallest time increment i n  which the igni-  

The lowest hydrogen gas temperature (measured at  the in jector)  
at which an igni t ion w a s  recorded w a s  57°K ( l 3 O " R ) .  
appear t o  represent a fundamental l i m i t ,  but ra ther  r e f l e c t s  l imi ta t ions  
imposed by the specif ic apparatus and experimental conditions involved. 
par t icular  it should be noted tha t  the coaxial in ject ion technique ut i l ized,  
together with the small flow r a t e s  involved, tends t o  place l imi ta t ions  on 
how low the hydrogen gas temperature may be i n  the immediate v i c in i t y  of the 
in jector .  Chief of these i s  the  f ac t  t ha t  the l iquid  oxygen, flowing i n  the 
centra l  tube, may approach i t s  freezing point (approximately 55°K) should 
the temperature of the surrounding hydrogen, flowing through the annulus, be 
substant ia l ly  colder e 

Again, t h i s  does not 

In  
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It is  believed t h a t  ignit ions could be obtained with lower hydro- 
gen temperature, provided that di f ferent  injection techniques, o r  l a rger  flow 
ra tes ,  were employed. 

It is  fur ther  believed that the observed variat ion i n  igni t ion 
times is primarily a function of the degree of mixing a t ta ined i n  the igni-  
t i on  zone. It appears that development work is necessary on the de t a i l s  of 
ignit ion zone geometry, pa r t i cu la r ly  with regard t o  vacuum ignit ions.  

The second major task has produced conclusive theoret ica l  and 
experimental observation t o  demonstrate that Raney nickel  powder may be stored 
indef ini te ly  i n  the form of a dry powder under an atmosphere 
variety of means might be employed t o  introduce t h i s  ca ta ly t i c  (and a l so  pyro- 
phoric) agent in to  the ignit ion zone. 
involved entrainment in to  the hydrogen stream (from a cata lys t  f lu id ize r )  j u s t  
upstream of the injector.  
low t o  j u s t i f y  t h i s  approach. 

of hydrogen. A 

The technique u t i l i zed  i n  t h i s  program 

The price of Raney nickel powder i s  suf f ic ien t ly  

B. Itemized Discussion of Results 

This sub-section presents a br ief  itemized discussion of the 
resu l t s  of this program as  they apply t o  the specif ic  items l i s t e d  i n  the 
Scope of Work. 

1. Analytically investigate the f e a s i b i l i t y  of using metal 
powders as  ca ta lys ts  f o r  hypergolic ignit ion of hydrogen-liquid oxygen 
mixtures. 

This was performed during the l i t e ra tu re  survey a t  the 
beginning of the program. 
i n  Raney nickel,  which possesses both cata lyt ic  and pyrophoric properties. 

"his analyt ica l  investigation resulted i n  i n t e r e s t  

2.  Select  the metal powders which appear most promising theo- 
re t i ca l ly ,  then experimentally determine the ignit ion character is t ics  of 
hydrogen-liquid oxygen combustion ignited through the use of each type of 
powder, the parameters t o  be varied according t o  the following: 

a .  Hydrogen temperature, 4OoR t o  lbOR. 

b. Combustion chamber pressure, 0.5 psia  to 1 5  psia. 
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e.  O/F ra t ios ,  4.0 t o  6.0 and 0.5 to 1.5. 

d. Powder concentration be varied as required t o  achieve 
sa t is factory  igni t ion.  

This was performed, primarily fo r  Raney nickel, which w a s  
Experimental work was also the material of major i n t e r e s t  i n  t h i s  program. 

performed on cer ta in  types of platinum and palladium ca ta ly t ic  powders. 

Other types of m e t a l  powders were a lso  considered, including 
There w a s  not suff ic ient  Raney cobalt and f ine ly  divided pyrophoric aluminum. 

time t o  evaluate a l l  of these materials, however, since specia l  preparative 

materials are also of in te res t ,  Raney nickel appeared t o  represent the best  
compromise 

% techniques would generally be required. It was decided that ,  although other 

Hydrogen temperatures were investigated i n  the designated 
range. For reasons specified previously, equipment and experimental condi- 
t ions  placed a prac t ica l  lower l i m i t  on the hydrogen temperature (at  the 
in jector)  of about 50°K (9OOR) .  
i n l e t  temperature of 57°K. 

An igni t ion was obtained at  a hydrogen 

The majority of t es t ing  was done at  atmospheric pressure. 
Ignit ions were obtained under p a r t i a l  vacuum conditions (down t o  about 2 
psia) ,  but these were more d i f f i c u l t  t o  in terpre t  than those at  ambient 
pressure. It i s  believed t ha t  the igni t ion zone geometry i s  a c r i t i c a l  
variable here. 

Ignit ions were obtained at  nominal mixture r a t i o s  covering 
the above range. The evidence of this report  i s  t h a t  more re l iable ,  rapid 
igni t ions  are obtained with Raney nickel  at  the higher mixture ra t ios ,  par- 
t i cu l a r l y  at  O/F = 6 .O . 

The concentration of Raney nickel  powder i n  the hydrogen 
stream d i d  not seem t o  be an important variable.  It was visual ly  observed 
during cryogenic t e s t s  t ha t  the  individual pa r t i c les  of Raney nickel would 
become incandescent upon contact with l iquid  oxygen (due t o  t he i r  pyro- 
phorici ty)  - S t r i c t l y  speaking, even one such incandescent par t i c le  should 
be suff ic ient  t o  produce igni t ion.  The efficiency of the mixing process i n  
the immediate v i c in i t y  of the in jector  appears t o  be the c r i t i c a l  parameter 
i n  t h i s  regard. 

3.  Investigate the e f fec t  of variables which might be a prob- 
lem i n  actual  rocket engine systems using powdered metal igni t ion.  
of these variables includes, but i s  not res t r i c ted  to :  

A l i s t  
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a .  P a r t i a l  oxidation of the powder. 

b. Powder pa r t i c l e  agglomeration. 

c. Powder pa r t i c l e  s ize .  

Since Raney nickel  powders a re  pyrophoric, it is  evident 
that contact w i t h  a given mass of a i r  w i l l  result i n  the oxidation of a 
stoichiometric amount of the nickel powders. The oxidized nickel powder has 
no ca ta ly t i c  a c t i v i t y  f o r  the proposed application. 
consider the recommended ins ta l l a t ion  i n  which the Raney nickel is  stored a s  
a dry powder under an atmosphere of ambient hydrogen gas. 
consequences of three di f ferent  types of f a i l u r e  conditions (which may reason- 
ably be expected t o  cover the range of possible occurrences). 

In p rac t ica l  terns ,  

Consider now the 

(1) 
f lu id ize r  vessel t o  the atmosphere (due t o  a hypothetical mistake, o r  t o  
t o t a l  mechanical f a i l u r e  of the vessel).  

Complete and sudden exposure of the contents of the 

(This condition was simulated a t  various times during 
th i s  contract when sealed samples of  Raney nickel were exposed t o  a i r  t o  
tes t  f o r  pyrophoricity. ) 

The en t i re  mass of Raney nickel powder would be oxi- 
dized i n  a very rapid reaction. 
most, a very few milliseconds a f t e r  exposure t o  a i r .  
there is  a b a l l  of flame surrounding the powders, which pers i s t s  on the 
order of one t o  a few seconds. 
t o  the oxidation of the large amount of chemisorbed hydrogen present on the 
surface of the metal pa r t i c les .  

This reaction would be i n i t i a t ed  in,  a t  
During the reaction, 

This phenomenon is doubtless due primarily 

Although the reaction is very rapid, accompanied by a 
large heat release, it does not consti tute an explosion. 
reasons f o r  th is .  
A l s o ,  the nickel powders a r e  so reactive i n  the presence of a i r  that the 
par t ic les  would be oxidized before suf f ic ien t  time could elapse 
disperse throughout an area as  a dust suspension. 
t i on  normally associated w i t h  explosions involving f i ne ly  divided powders. 

The hydrogen atmosphere, under which the powder had 

There a re  two 
The main reaction product i s  a so l i d  (nickel oxide). 

The l a t t e r  is the condi- 

been stored, would of course igni te  a t  once; it should be noted, however, 
that the actual  mass of hydrogen gas required f o r  t h i s  function would be 
re la t ively  quite small. That is ,  essen t ia l ly  a l l  the inner bulk volume of 
the f lu id ize r  would be occupied by the nickel powders. The f ree  hydrogen 
gas would occupy only the in ter- par t ic le  void volume. This hydrogen gas 
could therefore be expected t o  be consumed i n  essent ia l ly  a single sheet 
of flame. 
t ion  of the nickel par t ic les .  

The lat ter  would occur simultaneously with the combustion reac- 
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Summarizing this  worst possible case, one may s t a t e  
t ha t  the results would be essen t ia l ly  as  follows. 

(a) complete and rapid combustion of the f lu id ize r  
contents, associated w i t h  one t o  a f e w  seconds 
of v is ib le  flame, and large heat  release 

(b) no explosion 

Moderate leak of a i r  into the f lu id ize r  in te r io r  (due 
t o  hypothetical improper assembly, f o r  example) but  overal l  mechanical inte-  
g r i t y  of f lu id ize r  not impaired. 

(2 )  

This condition would r e su l t  in  a rapid temperature 
r i s e  of the contents of the f lu id ize r ,  perhaps t o  3 0 O - b O 0 C ,  depending on 
the sever i ty  of the leak. The temperature should not r i s e  high enough t o  
damage metal components, but  would be suff ic ient  t o  damage or  destroy rubber 
o r  p l a s t i c  materials i n  the immediate v ic in i ty  ( i .e . ,  ' 0 '  rings, gaskets, 
e t c . )  . There would be very l i t t l e  likelihood of open flame or  an explosion, 
since the oxygen of the a i r  would be quanti tat ively consumed as it passed 
over the closely packed nickel powders. An a i r  leak of t h i s  magnitude could 
be expected t o  render the f lu id ize r  contents ca ta ly t i ca l ly  inactive within 
a few minutes t o  an hour. 
detected by standard means ( i .e  . , a 

The onset of such an occurrence could readily be 
thermocouple act ivated relay).  

Very small a i r  leak into f lu id ize r  contents. (3) 

Such a process, if permitted t o  continue unchecked, 
could lead t o  oxidation and deactivation of the nickel powders over a period 
of hours o r  days. It 
appears l ike ly ,  however, tha t  a sensit ive thermocouple, located within the 
f lu id ize r ,  could detect  quite small a i r  leaks, due t o  the heat  release 
associated w i t h  the  pyrophoric reaction of Raney nickel. 

There would be no s ignif icant  external  e f fec t s .  

It should be pointed out that a small posit ive 
pressure of hydrogen gas within the f lu id ize r  could be expected to  effec-  
t i ve ly  eliminate this source of contamination. 

Regardless of how it could conceivably occur, however, 
p a r t i a l  oxidation of the nickel powders would be detrimental. 
could s t i l l  be obtained, but  more of the f lu id ize r  contents would have t o  be 
entrained in to  the combustion zone i n  order t o  obtain an equivalent amount 
of act ive powder. This would require longer, and l e s s  uniform, ignit ion time 
delays. 
extent of powder oxidation. 

Ignitions 

The magnitude of this e f fec t  would of course be a function of the 
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Based upon the observations of t h i s  program, it appears that, 
quali tat ively,  p a r t i a l  oxidation amounting 
t o t a l  could perhaps be tolerated.  This statement is based on the f a c t  t ha t  
ignitions were obtained i n  cases i n  which it was cer ta in  that a f ract ion of 
the Raney nickel powders had been oxidized. 

t o  a t  l e a s t  a few percent of the 

There was no agglomeration tendency of the dry Raney nickel 
powders observed a t  any time during t h i s  program. 
in to  contact w i t h  water, they would form a sludge. 
o r  grease contaminants, however, the evidence of t h i s  work is t ha t  pa r t i c le  
agglomeration should not be a problem area with the use of Raney nickel pow- 
ders as prepared i n  th is  program. 

Should the powders come 
In the absence of moisture 

Auantitative data a re  not available a t  t h i s  time concerning 
the absolute magnitude of the Raney nickel pa r t i c le  size.  
speaking, however, the par t i c le  s ize  is controlled d i rec t ly  by the method of 
formation of the Raney nickel,  and by the par t i c le  s ize  of the or ig inal  
nickel-aluminum al loy used. The chemical procedures involved i n  the formation 
of Raney nickel  are  straightforward. 
minor variations i n  the specif ic  procedure used had no observable e f fec t  on 
the par t i c le  s ize  of the f i n a l  dried Raney nickel powder. The nickel-aluminum 
a l loy  used as  s t a r t i ng  material is a widely available commercial product which 
appears t o  be quite uniform i n  character. me re  was no observable difference 
between any of the several batches of Raney nickel prepared during th is  con- 
t r ac t .  Every batch of Raney nickel powder tes ted i n  the f lu id ize r  was success- 
f u l l y  entrained i n  the hydrogen stream. 
used i n  t h i s  work was by no means an optimum design. 

Pract ica l ly  

The experience of t h i s  program is  that  

It should be noted t ha t  the f lu id ize r  

4. Consider the re la t ive  merits of:  

a .  Mixing powder w i t h  l iquid  hydrogen in  the propellant 
tank, and 

b. Injecting powder in to  the combustion chamber o r  hydrogen 
feed l i ne ,  and a lso  consider the effects  of metal pow- 
ders on turbine bearings, valves, e tc .  

A s  mentioned previously, the only method of entrainment 
used experimentally i n  t h i s  program was that of f lu idizat ion of the nickel 
powders i n  the gaseous hydrogen upstream of the injector.  

The poss ib i l i ty  of s tor ing the Raney nickel a s  a powder 
mixed w i t h  the l iquid  hydrogenein the main propellant tank was considered 
analytical ly.  
primarily due t o  the very large density difference (a fac to r  of 127) between 
the nickel powders and l iqu id  hydrogen. 

The f e a s i b i l i t y  of t h i s  approach did not appear high, however, 

Only if very f i ne  par t i c le  sizes were 
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u t i l i zed  (of the order of 10-100 8 i n  diameter) would the phenomena associated 
w i t h  Brownian motion be expected t o  allow the par t i c les  t o  remain i n  suspen- 
sion. 
sions does not appear t o  be feas ible  a t  present. Experimental study of t h i s  
subject would represent a substant ia l  program i n  itself. If l iqu id  hydrogen 
can be gelled, this might be a means of suspending the Raney nickel powders. 
However, the amount of gellant  required might compromise the performance 
potent ia l  of the hydrogen. 

The preparation and s tab i l i za t ion  of par t icula te  matter of such dimen- 

Observations were made i n  a l l  t e s t s  concerning any problems 
which might a r i s e  due t o  the act ion of the metal powders on valves and other 
f i t t i ngs .  
problem area, but  one which can be surmounted by proper design. For example, 
standard check valves were exposed t o  the flow of hydrogen gas plus entrained 
nickel powders. Some plugging and valve st icking occurred, but t h i s  was 
largely eliminated by such simple expedients as enlarging por t  areas and 
increasing annular clearances. 
appears t ha t  the very small par t i c le  s ize  and non-agglomerating character of 
the Raney nickel powder render t h i s  system amenable t o  use with a wide range 
of hardiqare components. 

The indications of this program were t ha t  this  is  potent ia l ly  a 

More work on th i s  subject is needed, but  it 

C . Recommendations 

It is believed t h a t  th i s  program has demonstrated the feas ibi-  
l i t y  of obtaining re l i ab le  low-temperature ignit ion of hydrogen and oxygen by 
the use of Raney nickel powder entrained i n  the hydrogen stream. Based on 
t h i s  work, the following system i s  proposed. Dry  Raney nickel powder is con- 
tained i n  a small f lu id ize r  vessel located near the rocket engine. The 
f lu idizer ,  f i l l ed  with the nickel  powders, is  maintained under a s l i gh t  
posit ive pressure of ambient temperature hydrogen gas. 
gaseous hydrogen is caused t o  flow through the f lu id ize r ,  entraining nickel 
powders in the process. 
the main hydrogen flow, o r  it may be desired t o  tap off  d i rec t ly  from the 
main hydrogen tank. 

Upon engine start, 

This hydrogen stream may be obtained a s  a bleed from 

The hydrogen stream leaving the f lu id ize r  flows in to  the injec- 
t o r ,  where it mixes w i t h  a sui table  flow r a t e  of e i t he r  l iqu id  o r  gaseous 
oxygen, producing an ignition. 

This basic concept has been demonstrated by the ignit ions 
A system such as  t h i s  would possess multiple obtained i n  this program. 

restart capabi l i t ies  under space conditions, and would not be significantly 
affected by wide variations i n  the  range of propellant inlet  conditions. 
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The main areas i n  which fur ther  work would be required are: 

a .  optimum f lu id ize r  design 

b. attainment of thorough mixing, in  the immediate v ic in i ty  
of the injector,  between the entrained powder hydrogen 
stream, and the corresponding oxygen stream. 

It appears that the l imitat ions which were encountered during 
t h i s  program were due p r h r i l y  t o  l imi ta t ions  of the laboratory scale hardware 
involved, and t ha t  even more encouraging results would be obtained from larger-  
scale t e s t s .  It is a l so  recommended that experimental study be continued on 
the subject of the optimum method of introducing the Raney nickel powder in to  
the ignit ion zone. 
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TABLE I 

PRELIMINARY IGNITION TESTS W I T "  RANEY NICKEL 

F m D  BED CATALYST 

Nominal Mixture Ratio: Og/H2 = 6.0 
Apparatus: Mark I11 

Corre cted Catalyst 
Sample Ignition G a s  Temp(1) Flow Ignition Time 
No. Run No. O K  Sequence milliseconds Remarks 

101 134 No lead 1000 Normal 
102 135 H2 lead 510 Normal 
103 108 H2 lead 480 Normal 

104 92 H2 lead 220 Strong detonation 

#1 

Catalyst deact i- 
vated 

#2 

105 
106 

#3 

107 
108 

110 
111 
112 
113 

#5 114 
Mark IV 
(Vacuum Run) 

89 
88 
90 
95 
93 

93 
91  
88 
93 

97 

300 
300 
300 

No lead 180 
No lead 720 
No lead 500 
No lead 130 
H2 lead 3% 

No lead 150 
No lead 480 
No lead 10 50 
H2 lead 340 

82 prepurge; TOO 
no lead; N2 
s t i l l  flowing 

Normal 
Normal 
Normal 
Normal 
More violent igni-  
t ion  than #io8 

Normal 
Normal 
Normal 
More violent igni-  
t ion  than #112 

p = 2.2 psig 
T .C . burned out 

Flow 

checks 
. cal ibrat ion 
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TABU3 I (Continued) 

Catalyst Corrected 
Sample Ignit ion G a s  Temp(l-1 Flow Ignit ion Time 
No. Run No. "K Sequence milliseconds Remarks 

118 97 No lead 180 Normal 
1x9 95 No lead 280 Normal 
120 95 02 lead 800 Strong detonation 
121 95 H2 lead 240 Normal 
122 94 O2 lead 260 No pressure rise; 

#6 

only T.C. rise 

123 95 No lead 800 Normal 
124 95 H2 lead 440 Normal 
125 94 H2 lead 820 Normal 
126 91. O2 lead 45 Normal 
127 93 O2 lead 560 Normal 

#7 

See Table I1 fo r  Runs 128-137 

#lo 138 122 No lead 700 Normal . 
139 122 No lead 700 Normal 

Notes: 

(1) G a s  temperature measure by Cu/Constantan thermocouple. This w a s  
approximately equal t o  the temperature of the igni t ion device and 
of the cata lys t  i n  the fixed bed. 
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TABLF: I1 

COAXIAL IlWECTION IGNITION TESTS USING FMED BED CATALYSTS 

Nominal Mixture Ratio: O/F = 6.0 
Apparatus: Mark V 

Catalyst Corrected 

Sample No. Run No. OK Sequence milliseconds 
and Ignition G a s  Temperature Flow Ignit ion Time 

Platinum No. 1 128 
129 
130 
131 
132 
133 
134 
135 

Raney Nickel 
NO. 8 136 

Raney Nickel 
No. 9 137 

Palladium No. 1 140 
(unactivated 141 
c ommer c i al) 142 

143 
144 

Palladium No. 2 145 
( activated 146 
comer c i a )  147 

148 
149 
150 
151 
152 
153 
154 
155 
156 
157 

299 
299 
299 
299 
299 
299 
299 
299 

142 

143 

283 
283 
283 
283 
283 

134 
134 
134 
134 
134 
134 
134 
134 
134 
134 
1-34 
134 
134 

No lead 
No lead 
No lead 
No lead 
No lead 
No lead 
No lead 
No lead 

No lead 

No lead 

No lead 
No lead 
No lead 
No lead 
No lead 

No lead 
02 lead 
No lead 
No lead 
No lead 
No lead 
No lead 
No lead 
No lead 
No lead 
No lead 
No lead 
02 lead 

1500 

1500 
1300 
1500 
1500 
600 
1100 

1400 

1200 

680 

180 
430 
80 
20 
40 

1000 
20 
680 
160 
320 
180 
180 
90 
160 
160 
4 0 ~  
100 
20 
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TABLE I1 (Continued) 

Catalyst Corrected 

Sample No. Run No. OK Sequence milliseconds 
and Ignit ion G a s  Temperature Flow Ignit ion Time 

Raney Nickel 
No. 11 158 

159 
160 
161 

Raney Nickel 
No. 12 162 
(Mod i f  i ed 163 
preparation) 164 

165 
166 
167 
168 
169 
170 

Platinum No. 2 171 

173 
( activated) 172 

Palladium No. 1 174 
(activated) 175 

176 
177 
178 

Raney Nickel 
NO. 13 179 

180 
181 
182 
183 
184 
185 
186 
187 

Palladium No. 3 189 
(Modified 
prepasat ion) 

131 
131 
131 
128 

126 
126 
126 
126 
126 
126 
126 
126 
126 

126 
290 
290 

300 
300 
300 
300 
300 

128 
128 
128 
128 
128 
128 
128 
128 
128 

287 

02 lead 
02 lead 
02 lead 
No lead 

O2 lead 
No lead 
02 lead 
O2 lead 
02 lead 
O2 lead 
02 lead 
02 lead 
02 lead 

02 lead 
No lead 
No lead 

No lead 
No lead 
No lead 
O2 lead 
O2 lead 

02 lead 
02 lead 
02 lead 
02 lead 
02 lead 
O2 lead 
O2 lead 
02 lead 
O2 lead 

No lead 

380 
130 
160 
330 

280 
330 
40 
10 
130 
10 
40 
20 
230 

230 
100 
130 

80 
120 
130 
100 
100 

80 
90 
100 
40 
50 
60 
70 
50 
10 

80 I 
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TABLE I11 

I G N I T I O N  TESTS USING 

DRY RAZVEY NICKEL POWDER ENTRAINED I N  Hp STREAM 

Gaseous Propellant Injection 
Apparatus: Mark V I  

Nominal Corrected ( 2) 
Ignition(1) M.R. Flow Ignition Time 
Run No. O/F Sequence msec Remarks - -  Catalyst 

Raney Nickel 190 6.0 02 Lead 110 Normal; two previous ign9- 
Batch RNi-5 (5)  t i ons  obtained but not 
stored under H2 
gas 58 days 
pr ior  t o  use; 191 6.0 O2 Lead 20 Normal 
single catalyst  
charge; burst 192 6.0 02 Lead 30 Normal 
diaphragms used. 

193 6,0 02 Lead 120 Normal 

194 4.0 02 Lead 53 0 Violent ignition; t h i s  run 

recorded on oscilloscope. 

presumably expended the  
charge of Raney nickel, 

195-207 Calibration runs t o  
measure gas lead times 
u t i l i z ing  f lu id izer  w i t h  
check valves. 

Raney Nickel 
Batch RNI-8 (2) 

208 1.5 02 Lead zs 1400 Mild ignitions; d i f f i c u l t  
t o  detect due t o  igni t ion 

209 1.5 02 Lead 600 apparently occurring down- 
stream of thermocouple and 

210 1 .5  02 Lead 500 p r  e s sur e pickups , 

211-213 
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TABU I11 (Continued) 

Nominal Correc tea 2) 
Ignitfon(1) M.R. Flow Ignition Time 

Catalyst Run No. O/F Sequence msec Remarks 

Raney Nickel 214 1.5 02 Lead 
Batch RNI-8 (2) 
(new charge 1 215 1.5 $ Lead 

Raney Nickel 
Batch mi-9 (1) 

217 L5 02 Lead 

218 1.5 02 Lead 

219 1.5 02 Lead 

220 

221 

222 

223 

224 

225 

226 

227 

228 

1.5 02 Lead 

1.5 02 Lead 

Not Measured 

400 

Not Measured 

Not Me a sur ed 

Not Me a sur ed 

10-20 msec t o  
i n i t i a t i o n  of 
reaction = 40 
msec t o  deto- 
nation pulse. 

Not Measured 

Not Measured 

Not Measured 

Not Measured 

Rapid igni t ion on H2 valve 
actuation. Mild igni t ion,  
appeared t o  occur before 
thermocouple response. 
These igni t ions also 
appeared t o  occur down- 
of the  instrumentation z o q  
precluding accurate senshg. 

Exhaust tube ex i t  blocked, 
permitting pressure trans-  
ducer output t o  be detec- 
able. No thermocouple 
response. 

Normal ignition, but H2 
valve "on" pip did  not 
p r in t  out, precluding 
accurate measurement of 
ign i t ion  t i m e ,  

Rapid ignition, no instru- 
mentation response. Visual. 
observation of the e e a u s t  
tube in t e r io r  confirmed 
t h a t  most of the igni t ions 
were occurring downstream 
of the instrumentation zme, 
precluding igni t ion senaiqg, 

L 5 02 Lead Not Measured 

1.5 02 Lead Not Measured 

1.5 O2 Lead - 600 
1.5 H2 Lead F 600 Delayed, violent ignition, 

1.5 % Lead 100 
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TABLE I11 (continued) 

Nominal Corrected( 2, 
Ignition(1) M.R. Flow Ignition Time 

Catalyst Run No.  O/F Sequence msec Remarks 

Raney Nickel 
Batch mi-9 (1) 
(new charge) 

This charge of Raney 
nickel  had been i n  t h e  
f lu id izer  =18 hrs 
pr ior  t o  use. 

229 6.0 02 Lead Not Measured Delayed ignition, strong 

23 0 6.0 02 Lead Not Measured Rapid ignition. 

detonation pulse. 

23 1 6.0 02 Lead = 620 Sparks were observed i n  
t h e  igni t ion chamber 
before H2 admitted. 

232 6.0 02 Lead = 1000 Strong, delayed ignition. 

233 6.0 02 Lead Not Measured Strong, delayed ignition. 

234 6,O O2 Lead Not Measured Strong, delayed ignition. 

(1) Gas temperatures not measured; experimental conditions were such tha t  both 
gas temperatures were near the  boi l ing point of LO2 (90°K). 

Corrected times obtained by subtracting 20 msec (H2 gas lead time) from 
overal l  igni t ion t i m e .  

(2)  
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TABLE IV 

IGNITION TESTS WITH LIQUID OXYGEN 

Apparatus: Mark V I 1  

Test Conditions: 

(a) Dry Raney nickel ca ta lys t  entrained i n  hydrogen 
stream (s ingle  batch of Raney nickel  used) 

Fluidizer, catalyst ,  hardware, and both propel- 
lant  streams at a temperature of N" 77°K (138"~) 

Nominal Mixture Ratio (O/F) = 6.0 

(b) 

( e )  

( d )  Liquid Oxygen Lead 

Corrected Ignition 
Ignition Run No. Time(1) Millisec. Remarks 

235 

236 
237 
238 

239 
240 

241 

242 

243 

244 

245 

246 

247 

248 

249 

not measured( 2) 

60 
not measured 
not measured - 400 
75 

not measured 

60 

15  

not measured 

not measured 

10 

not measured 

not measured 

220 

Local, undetected ignit ion 
occurred pr io r  t o  main 
igni t ion 

Rapid ignition, not picked 
up by i n s t m e n t a t i o n  

Sparking occurred 
pr io r  t o  ignit ion 

Rapid ignition, not recorded 

Normal ignit ion 

Normal ignit ion 

Normal ignit ion 

Normal ignit ion 

Normal igni t ion 

Normal ignit ion 

Normal ignit ion 

Normal ignit ion 
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TAEXZ IV (Continued) 

Corrected igni t ion time obtained by subtracting the hydrogen gas 
lead time ( - 20 mil l i sec)  f rm the time of hydrogen valve opening 
t o  igni t ion pressure peak. 

Certain igni t ion times w e r e  not measured fo r  one of the following 
reasons: 

(a )  Eydrogen valve "on" pip did not appear on the oscilloscope 
trace.  

(b) Ignit ion occurred off the oscilloscope time scale. 

( c )  Ignit ion not detected with suff ic ient  c l a r i t y  by instrumen- 
ta t ion.  
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TABLE V 

IGNITION TESTS W I T H  MARK V I 1 1  IGNITER 

Test Conditions : 

(a) 

(b)  Liquid oxygen injection; To2 77°K ( 1 - 3 8 ~ ~ )  

Dry Raney nickel  ca ta lys t  entrained i n  hydrogen stream 

Nominal 
Ignition H2 Temp. Mixture Ignit ion 
Run No. OK Ratio,  O/F Characterist ics Remarks 

250 ambient 6.0 
251 ambient 6.0 
252 77 6 .o 

253 78 6 .o 
254 78 6 .o 
25 5 77 8 .o 

256 77 6.0 3 

257 77 6 .o 

258 77 6 .o 
259 77 1.5 

260 77 1.5 

261 77 1.5 

262 75 1.5 

263 75 1.5 

264 75 1.5 

0 95 

Normal Ambient temperature 
Normal Check runs 
Strong, delayed igni-  
t ion,  LO2 lead 
Normal, 140 msec 
Normal, 140 msec cooling only 
Delayed igni t ion 30 min. delay 

Runs 252-264 were 
performed with L;N2 

between Runs 254 and 
255 

Strong ignition, 
180 msec 
Delayed ignit ion,  

Normal, 180 msec 
Delayed ignit ion,  Poor mixing w a s  appa- 
360 msec ren t ly  encountered at  
Delayed ignit ion,  O/F = 1.5; igni t ions  
500 msec often occurred upon 

opening the N2 purge 
valve 

400 msec 

Delayed ignit ion,  
800 msec 
Delayed ignit ion,  1 hr .  delay between 
600 msec 
Delayed ignition, 
500 msec 
Delayed ignition, 
500 msec 
Sever& unrecorded igni t ions  obtained, very 
s i m i l a r  t o  those of Runs 259-264 

Runs 261 and 262 

Single charge of Raney 
nickel ( -4 grams) 
used for  the above 
ignit ions.  
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TABLE V (Continued) 

Nominal 
Ignition H2 Temp. Mixture Ignition 
Run No. O K  Ratio, O/F Characteristics Remarks 

268 

269 

270 

71 

63 

57 

265 71 6 .o Strong, delayed ign. Runs 265-274 performed 
266 70 6 .o Strong, delayed ign., using LHe cooling of 

500 msec the H2 stream. 
Single charge of Raney 

used for  Runs 266-274. 
Several unrecorded am- 
bient  temperature check 
f i r ings  a l s o  obtained. 

267 79 6 .o Normal nickel ( QI 4 grams) 

6 .o Normal, = 3 O O  msec 

6 .o Normal, 400 msec 

6 .o Normal ~ 5 0 0  msec; could not 
get exact t i m e  due t o  
fa i lure  of H2 valve 
"ont' pip t o  appear on 
t race 

271 

272 

273 
274 

275 

276 

277 
278 

64 

63 

6 4  
63 

64 

48 

85 
75 

Strong ignition, 
540 msec 

N2 flow l e f t  on 6 .o 

6 .o Normal, 520 msec Prior  igni t ion audible, 
but did not appear on 
scope 

6 .o Normal, 130 msec 
6 .o Normal, 70 msec Raney nickel presum- 

ably expended 

4 .O Strong, delayed New charge of Raney 
ignition, 600 msec nickel 

4 .O No igni t ion Lowest temp. reached 
obtained i n  t h i s  t e s t  series; 

O2 flow may have been 
impeded by t h i s  low 
H2 temp. Shortly 
afterward, supply of 
LHe w a s  exhausted. 

4 .O Strong igni t ion 
Normal, 400 msec T e s t s  discontinued 

I due t o  depletion of 
LHe 
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TABLE v (Continued) 

Nominal 
Ignit ion H2 Temp. Mixture Ignition 
Run NO. OK Ratio, O/F Characterist ics Remarks 

279 76 6 .o p = 4.9 psia; igni-  
t ion  occurred a f t e r  
N2 purge w a s  turned 
on 

normal igni t ion 

normal igni t ion 

normal igni t ion 

normal ignit ion 

280 76 4 .O p = 2.5 psia, 

281 76 1 . 5  p = 2.5 p i a ,  

282 76 1.5 p = 2.5 psia, 

283 76 0.5 p = 4.9 psia, 

Runs 274-283 were con- 
ducted under p a r t i a l  
vacuum, with LN2 
cooling. 
Ignit ions obtained 
i n  Runs 280-283 
were delayed several 
hundred msec a f t e r  
H2 valve opening. 
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